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ABSTRACT 
Membrane technology is a potential method for upgrading gasoline quality, with respect 
to its tendency to promote fouling of engine inlet-systems. This thesis investigates the 
transport and separation mechanisms of dense polydimethylsiloxane (PDMS) 
membranes in nanofiltration applications relating to the filtration of gasoline fuels. 
Simulated fuels were created which comprised representative organic solvents with 
organometallic and poly-nuclear aromatic solutes. The flux and separation behaviour of 
the solvent-solute systems were studied using several apparatus and a range of operating 
regimes. Tests were performed with real fuels and refinery components to verify the 
mechanisms observed with the model solvent-solute systems, and several strategies 
were developed by which the process could be optimised or improved. Parallel to this 
work, a project was undertaken to assess the suitability of the technology on an 
industrial scale and to identify any scale-up issues. 
The key factors influencing flux were found to be the viscosity and swelling-effect of 
the solvent or solvent mixture. The dense membrane was shown to exhibit many 
characteristics of a porous structure when swollen with solvents, with the separation of 
low-polarity solutes governed principally by size-exclusion. It is postulated that 
swelling causes expansion of the polymer network such that convective and diffusive 
flow can take place between polymer chains. In general terms, a higher degree of 
swelling resulted in a higher flux and lower solute rejection. The separation potential of 
the membrane could be partly controlled by changing the swelling-effect of the solvent 
and the degree of membrane crosslinking. 
The transport of polar/non-polar solvent mixtures through PDMS was influenced by 
swelling equilibria, with separations occurring upon swelling the membrane. Separation 
of the more polar solvent occurred in this manner, and the solute rejection in 
multicomponent polar/non-polar mixtures deviated significantly from the behaviour in 
binary mixtures. 
The results obtained from a pilot-plant scale apparatus were largely consistent with 
those from laboratory-scale equipment, and engine tests showed that fuel filtration with 
PDMS is a technically-viable means of upgrading gasoline quality. 
Keywords: PDMS, nanofiltration, gasoline, organic solvents, dense membrane 
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1.1 BACKGROUND AND APPLICATION 
In the last decade industrial producers of commodity chemicals have shifted their focus 
to higher value, differentiated products. To do this the industry has had to move away 
from some of the more traditional chemical engineering unit operations and concentrate 
on flexible, smaller scale processing equipment. The oil industry is no exception. Due to 
the high capital and running costs associated with oil refineries they are few in number, 
with each having an extensive distribution network to supply their products over a large 
area. The unit operations associated with oil refining such as catalytic-cracking and 
alkylation are very large-scale continuous processes that are vital for the economic 
production of bulk gasoline, diesel and kerosene fuels. To achieve this large-scale 
economic production, flexibility is sacrificed and hence the scope for producing 
differentiated fuel products from primary manufacturing plant is reduced. Smaller-scale 
units for the production of differentiated petroleum products are therefore required, and 
would be ideally suited to an existing oil refinery as utilities such as steam, cooling 
water and cheap electricity are readily available. The small number of oil refineries 
means that the transport costs of low-tonnage products produced in this manner are 
unacceptable unless the market is nearby. 
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In order to produce differentiated petroleum products for specific markets the process 
must be capable of operating elsewhere within the distribution network, away from the 
main refinery. This can occur in places such as distribution centres at the end of 
pipelines, on-board ships or tankers or at fuel filling stations. The potential positions 
within the distribution network mean that flexible refining processes are limited to low 
temperatures, small-scales, low maintenance and technical manpower and more 
importantly, liquid systems. 
One scope for differentiated petroleum products is cleaner and more efficient gasoline 
fuels. Improvement of gasoline quality in this respect can be achieved by the removal of 
components, intrinsic to the fuel, which contribute significantly to the fouling of the 
engine inlet system: 
• Organometallic species, particularly copper and iron compounds 
• Sulphur bearing compounds such as mercaptans and thiophenes 
• Poly-nuclear aromatics (PNAs), i.e. substances with two or more benzene rings in 
their structure. 
These residual components cause fouling of engine inlet valves and fuel injectors, 
which in turn has an adverse affect on all aspects of engine performance; power output, 
responsiveness, fuel consumption and exhaust emissions. Inlet valve deposits (IVDs) 
are caused by fuel droplets coming into contact with the hot surface of the valve, 
resulting in a residue after evaporation of the volatile components. A build-up of the 
residue can restrict the fuel and air passage into the combustion cylinder, and can result 
in reduced power, increased fuel consumption and an increase in environmentally-
sensitive emissions, namely NOx gases and particulate matter. Figure 1.1 shows images 
of clean and fouled inlet valves, along with a representation of the effect on fuel and air 
passage into the cylinder. Fuel injectors are affected in a similar way, however the 
coking of the injector nozzle disrupts the spray pattern, which is critical to the efficient 
combustion of the fuel. Injector nozzle fouling also impacts on power, efficiency and 
emissions, with a representation of the disrupted spray-patterns and pictures of clean 
and fouled injector nozzles shown in Figure 1.2. 
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Figure I.I - Left: Clean inlet valve with un-disrupted flow of fuel and air. Right: 
Fouled inlet valve with restricted flow of fuel and air. 
Figure I.2 -Left: Clean injector nozzle and ideal spray-pattern. Right: Fouled injector 
nozzle and disrupted spray-pattern. 
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The most common method for preventing deposit build-up is to add organic-based 
detergents to the fuel, however fuels with a very high level of residual impurities may 
not respond to detergents at economic treat-rates, and can even result in increased IVDs 
due to adverse reactions with the detergent. Additionally, detergents contribute to the 
overall cost of the fuel, and may give a varied response in different engines and under 
different driving regimes. 
A process which can remove the residual impurities and hence produce an 'inherently 
clean' fuel, with no need for detergents is therefore desirable as an alternative to 
produce differentiated fuels. A number of potential techniques are currently under 
investigation by Shell to remove such impurities, one of which involves membrane 
separation. The application of membrane processes to gasoline fuels provides the main 
focus of this project. 
1.2 MEMBRANE SEPARATION PROCESSES 
A membrane is a material that allows certain materials to pass through whilst 
inhibiting the flow of other materials or retaining them all together. Material passing 
through a membrane is termed 'Permeate' whilst that retained is known as 'Retentate'. 
The current vision for the application of membrane separation technology to gasoline 
purification is shown in Figure 1.3. 
Gasoline - 100 m3 /hr 
20ppmlron 
Value- £700/m3 
Retentate - 90 m3 /hr 
22ppmlron 
Value- £700/m3 
Permeate- 10 m3/hr 
I ppmlron 
Value- £800/m3 
Figure 1.3 -Application of membrane technology to commercial gasoline fuels. 
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The current market share for a differentiated fuel is around 10%, that is to say 10% of 
the 'standard' gasoline fuel is upgraded to the higher-value product. If the membrane 
was effective in removing 95% of the residual iron compounds, as implied in Figure 
1.3, then the concentration of impurities in the retentate would be higher than that in 
the feed. If the specification for the standard fuel was, for example, < 25 ppm iron, 
then the retentate from the process shown in Figure 1.3 can still be sold as the standard 
gasoline fuel, with no loss of value. Whilst Figure 1.3 illustrates a highly simplified 
overview of the application and process, preliminary testing with real gasoline fuels 
has shown that membrane technology is a viable means of achieving a differentiated 
product that is cleaner than the standard fuel, and the fouling behaviour of the retentate 
has been shown to be negligible compared to the original gasoline feed. 
A study was performed by Shell Global Solutions (the project eo-sponsors) to assess 
the suitability of a range of developmental and commercially available membranes to 
gasoline separation using crossflow nanofiltration [1,2]. Of the 20 membranes studied, 
a polydimethylsiloxane (PDMS) composite membrane was found to remove trace 
levels of Copper & Iron compounds from the fuel. The other membranes were either 
unstable in gasoline, exhibited insufficient flux to determine the separation capability 
or showed no ability to separate the trace compounds. 
The performance of PDMS is to some extent proven in the industrial field for vapour-
permeation and pervaporation applications. Nonetheless, very little is known about 
how and why the membrane is able to produce inherently clean fuel in a nanofiltration 
mode of operation. 
A principal aim of this project is to enhance the understanding of the fundamental 
transport and separation mechanisms associated with PDMS membranes when 
applied to gasoline fuels. 
It is hoped that by developing a comprehensive understanding of such mechanisms the 
technology will be developed and implemented for fuels of various compositions, and 
will also identify potential applications in the wider petrochemical field. 
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The subject field of membrane separation is vast, with areas ranging from solid/liquid 
separations to the separation and purification of gas mixtures. Sections 1.3 - 1.5 briefly 
explain the various classifications, operating regimes and phenomenon associated with 
membrane technology, and also highlight some industrial processes where membranes 
are used for organic/organic applications similar to fuel filtration. The initial literature 
survey will focus, where possible, on solvent-solute systems rather than solid-liquid 
operations as this is more relevant to the filtration of gasoline fuels. For the same 
reason, attention will be given to industrial processes that utilise membranes for non-
aqueous applications rather than water-based systems. 
1.2.1 Basic Principles and Phenomena 
Two classifications of operating regimes exist in membrane separation processes, dead-
end filtration and crossflow filtration, which are depicted in Figure 1.4. 
Feed' 
0 
~ 
Dead-end Filtration 
Feed 
... 
Ooo o 
Oooo0 o 
0 0 
-----0 0 0 0 
:ij..O 
Crossflow Filtration 
Figure 1.4 - Dead-end and Crossjlow filtration techniques. Arrows indicate flow 
direction( s ). 
Dead-end filtration is a technique that does not apply any shear at the membrane 
surface. As such, any solid or colloidal particles will tend to accumulate on the 
membrane surface and form a cake. Accumulation of solids on the surface can block the 
pores of the membrane, a process known as 'fouling', and thus lead to a reduction in 
flux. Crossflow filtration is a technique whereby the feed is pumped from a separate 
feed vessel to a membrane unit, where a certain fraction of the feed is collected as 
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permeate. The ratio of permeate to feed flows is termed the 'Stage-Cut'. Since the feed 
flows over the membrane there is a shear force acting at the surface, which inhibits the 
build-up of solid particles and solute molecules, and acts to reduce the blocking of 
pores. 
Whilst fouling is the physical blocking of pores by solid particles, polarisation occurs 
with solvent-solute systems. It is caused by a build-up of solute molecules near to the 
membrane surface as shown in Figure 1.5: 
Bulk Feed Boundary Membrane Bulk Permeate 
Layer 
CFeed ---¥-'-------
'''·,,,',,,'!---- CActual 
-------- cldeal 
Figure 1.5- Solute concentration profiles for the filtration of solvent/solute mixtures. 
If the solvent is preferentially transported across the membrane, then the concentration 
of solute increases near to the membrane surface. If the solute transport across the 
membrane is concentration-dependent, then the actual concentration of solute in the 
permeate will be higher than the ideal concentration due to the increased solute 
concentration at the feed side of the membrane. This is the case shown in the Figure 1.5, 
where the separation is hindered by polarisation. Such effects can be minimised by 
employing a crossflow filtration technique and optimising the hydrodynamic conditions 
above the membrane surface, or by using mechanical vibration, ultrasound or stirred-
cell techniques to disperse the solute away from the membrane surface. 
Dead-end techniques are usually used for batch solid-liquid separations. Crossflow can 
also be used for similar separations, however it is usually preferred for continuous or 
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semi-continuous filtration of solvent/solute mixtures consistent with the application 
shown in Figure 1.3. 
1.2.2 Membrane Materials 
Membranes can be made from a variety of different materials but are generally 
classified into two groups; polymeric membranes and ceramic membranes. Further to 
this, composite membranes can be produced using a mixture of polymers or by 
combining polymeric and ceramic materials. Irrespective of the materials of 
construction, membranes can traditionally be divided into two generic categories as 
shown in Figure 1.6. 
Porous Dense 
00 0 0 0 0 
0 0 (!/! 0 0 00 0 0 0 °o o \o o 0 
oO:oiJu 0 0 0 0 
l l l l l l l l 
Figure 1.6- Schematic representation of porous and dense membranes. 
Porous membranes exhibit manufactured pores of a certain size or size distribution, 
which are used to separate compounds primarily based on their size. Dense membranes 
have no manufactured pores; the selectivity is governed by sorption into the membrane 
material and differential rates of permeation through it. The surface of both porous and 
dense membranes can be charged by changing the surface functionality, which may also 
influence permeability and selectivity. 
Polymeric materials are favoured in many membrane applications as they can be made 
to a small thickness and with a wide variety of pore sizes. The choice of polymer for 
porous membranes is determined by the stability in the solvent and ease of manufacture 
and cleaning of the pores. Dense membranes are chosen based on the solubility and 
8 
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permeability of a substance within the polymer. Solubility is governed by the 
hydrophobic/hydrophilic nature of the membrane material relative to the solvent, and 
permeability is determined by the free volume within the polymer matrix. 
Porous membranes are used for Microfiltration (MF) and Ultrafiltration (UF) processes 
for the separation of solids or large solute compounds. Dense membranes (such as 
PDMS) are normally employed in Reverse Osmosis (RO), Pervaporation, Gas 
Separation and Vapour-Permeation applications. The Nanofiltration (NF) mode of 
operation (which best defines the filtration of gasoline fuels) can potentially utilise 
both porous and dense membranes. 
Of note is that NF and RO (amongst others) are characteristic of pressure-driven liquid 
systems. Pervaporation processes utilise a liquid-phase feed, with permeate withdrawn 
as a vapour. A comprehensive description of all the various classifications and 
operating regimes is given by Mulder [3]. 
1.3 EXISTING NON-AQUEOUS MEMBRANE SEPARATION PROCESSES 
Work in the non-aqueous field has not developed at the same rate as aqueous 
technology due to stability problems between organic solvents and polymeric 
membrane materials. Some membrane materials such as polythene and polyurethane are 
easily dissolved by mild organic solvents. Ceramic membranes have widened the 
applications for non-aqueous systems due to their inherent stability in even the most 
aggressive of solvents, and their success has influenced the development of polymeric 
membranes in this field. Polymeric nanofiltration, reverse osmosis and pervaporation 
membranes have been produced in recent years that are stable in a range of organic 
solvents. 
Membrane technology is currently used in several non-aqueous applications. These 
applications are briefly outlined in Sections 1.3.1- 1.3.3. 
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I.3.I Food Industry 
Extensive use of aqueous membrane technology is made for the treatment of milk, beer 
and fruit-juices. Aromatic polyamide membranes have been studied for the reverse 
osmosis concentration of apple juice [4], and silicone-based membranes have been 
reported to separate aroma compounds by pervaporation [5]. In the non-aqueous field, 
hexane is used as a solvent to extract carboxylic and fatty acids from vegetable oil. The 
hexane-acid stream can be treated using solvent-resistant polymeric membranes 
(including PDMS) in NF mode of operation to recover the hexane solvent and allow it 
to be re-used. Transport mechanisms for this process have been investigated, for 
instance, by Stafie et al. [6] for PDMS membranes, and Wu and Lee [7] for ceramic 
membranes. 
I.3.2 Pharmaceuticalindustry 
The manufacture of pharmaceutical products is often performed using homogeneous 
organometallic catalysts in organic solvent media. The catalysts can be complex 
structures based on precious metals such as Platinum and Palladium. Thermal recovery 
methods are able to recover the metal but can result in degradation of the organic 
ligands, which can be more valuable than the precious metal. Membrane NF techniques 
are able to recover the whole catalyst (metal and ligand) due to their ability to operate at 
lower temperatures, and Scarpello et al. [8] and Luthra et al. [9] have investigated the 
transport mechanisms of such processes with polymeric membranes. 
I.3.3 Chemical & Petrochemical Industries 
Pervaporation is widely used in the processing of azeotropic mixtures such as ethanol 
and water [10]. Conventional distillation techniques cannot refine such substances due 
to the vapour-liquid equilibrium of the binary mixture. In practice, a multi-stage 
distillation process is used to refine the mixture above and below the azeotropic point, 
with a single pervaporation step being used to perform a separation in the region of the 
azeotropic point. The pervaporation technique can employ both polymeric and ceramic 
membrane materials, with PDMS membranes favoured for many applications. 
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Vapour-Permeation membrane technology is used to remove VOCs (Volatile Organic 
Compounds, e.g. fuel vapours) from air before discharge to atmosphere using dense 
membranes such as PDMS [11]. Organophilic membranes are used which attract VOCs 
to their surface where they are adsorbed. The permeate is organic liquid while the 
retentate is sufficiently depleted in VOCs that it can be discharged to the atmosphere 
without further treatment. VOC recovery with PDMS membranes is used in large scale 
applications on refineries and chemical plants and on a smaller scale at petrol stations 
for gasoline vapour recovery [ 12]. 
Studies have been undertaken into the applicability of Polysulphone/Polyimide 
ultrafiltration membranes to perform membrane distillation [13]. Polysulphone 
membranes were reported to separate metallic compounds and heavy oil from crude oil, 
while polyimide membranes are claimed to separate gasoline/kerosene mixtures. 
Several patents document membrane processing techniques to separate aromatic/non-
aromatic hydrocarbons [14,15] and alkyl-aromatic isomers [16], although it is not 
known whether these processes are currently used commercially. 
Although the applications in non-aqueous systems are in their infancy, it is clear that 
there are a wide range of uses for polymeric solvent-resistant membranes such as 
PDMS. Transport mechanisms and models developed by workers in the food and 
pharmaceutical industry provide a base from which this work can enhance the 
understanding and capabilities of the technology for the filtration of gasoline fuels. 
1.4 PROJECT APPROACH 
This section details the approach taken to gain an understanding of the pertinent 
transport and separation mechanisms involved in the filtration of gasoline fuels with 
PDMS membranes. 
Gasoline is a volatile liquid fuel containing over 200 different combustible hydrocarbon 
components as well as a range of compounds which can be considered as impurities, 
and whose removal is desirable. 
11 
Chapter I -Introduction 
The composition of base gasoline (i.e. those hydrocarbon components that account for 
the majority of the transport and combustion properties of the fuel) is well known and 
can be determined using gas-chromatography (GC) techniques. An example of such an 
analysis is shown in Appendix 3.3. The 200+ base components can be ordered into four 
basic categories: 
1. Paraffins -Alkanes, e.g. n-hexane, i-octane 
2. Olefins- Alkenes, e.g. hex-1-ene, cyclohexene 
3. Aromatics- Compounds containing one or more benzene ring, e.g. toluene, xylene 
4. Oxygenates- Oxygen containing compounds, e.g. methanol, MTBE 
All base gasolines will contain components 1 - 3. In some cases, oxygenates are added 
after the refining process and are used to increase the octane rating of the fuel. A typical 
non-oxygenated fuel will have a composition of: 
• Paraffins - 60% 
• Olefins - 10% 
• Aromatics - 30% 
Although GC is an effective characterisation technique, experimental work utilising a 
consistent 200+ component system would be very difficult. The fuel properties are 
likely to change due to evaporation of volatile components and degradation via gradual 
oxidation. Consistent batches of fuel are difficult to obtain due to differences in the 
crude-oil feedstock and refinery processing conditions (e.g. due to catalyst ageing). In 
this study the base gasoline was therefore simplified into a model system of pure 
organic solvents. Model components were chosen based on their cost, availability and 
volatility as well as safety and handling criteria. Olefins pose the greatest difficulties in 
their handling and can be considered the more dangerous of the three types of fuel 
component. Since olefins make up the smallest fraction of a gasoline fuel they are not 
considered in this project, the focus is primarily on the alkane and aromatic 
components. Based on the criteria detailed above, n-heptane was chosen as the primary 
representative alkane component, and xylene (mixture of isomers) chosen as the 
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aromatic component. Other solvents such as iso-octane and cyclohexane have also been 
used in this study, albeit to a more limited extent. 
The scope of the project is the removal of impurities from gasoline. The exact chemical 
composition of these impurities is unknown, and it is beyond the boundaries of the 
project to make any advance in this area. However, the impurities can be considered to 
fit into three categories: 
• Copper and iron-based organometallic compounds 
• Sulphur-containing compounds 
• Poly-nuclear aromatic (PNA) compounds. 
Typical concentrations of these impurities in gasoline can vary dramatically, but are of 
the order of 10 ppb - 100 ppm. Since there are no specific impurities that are known to 
be present in gasoline, a model system of impurities is required in addition to that of the 
base gasoline. Specific compounds from the categories above were initially chosen 
based on their cost, availability and safety issues. Further criteria were their solubility 
and the availability of an analytical method to determine the concentration of these 
model compounds in the model fuel. 
In order to evaluate the transport and separation mechanisms, the approach taken was to 
start with pure and binary solvent systems to gain an initial understanding of solvent 
flux behaviour. Model impurities were added to the pure solvents to determine the 
separation mechanisms, and the system was then made more like a real gasoline by 
systematically adding different solvents and further impurities. Variants of the PDMS 
membrane were also evaluated, and finally real gasoline was used to verify the transport 
mechanisms proposed using the approach of the model systems. 
The systematic approach to the project described above partly determines the format of 
this thesis. Each section comprises an individual literature review, experimental and 
results section. The discussion and conclusions aim to encompass and explain some of 
those results from previous chapters and highlight their relevance to the project scope. 
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CHAPTER 2 -MEMBRANE CHARACTERISATION 
The PDMS membranes used in this study were obtained from GKSS 
Forschungszentrum and the University of Twente. In both cases, specific information 
regarding the manufacturing process and physical properties was limited. The aim of 
this section is to present characterisation data for the membranes in order to assist with 
the later evaluation of various transport mechanisms and models. Properties of the 
solvent and solute compounds used in this work are detailed within relevant chapters. 
The chapter is divided into the following sections: 
2.1 General characteristics and manufacturers' information 
2.2 Experimental characterisation 
2.2.1 Scanning Electron Microscopy (SEM) 
2.2.2 Atomic Force Microscopy (AFM) 
2.2.3 Nitrogen permeation 
2.2.4 Dynamic Mechanical Analysis (DMA) 
2.3 Summary 
2.4 Nomenclature 
2.5 References 
2.1 GENERAL CHARACTERISTICS 
PDMS (Polydimethylsiloxane) is a dense hydrophobic membrane which is also referred 
to as silicone-rubber. The structure of the repeating unit is shown in Figure 2.1. 
CH3 
I 
Si-O 
I 
Figure 2.1- Structure of the repeating-unit in PDMS. 
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The hydrophobic nature of PDMS means that it interacts strongly with organic liquids, 
particularly alkane and aromatic solvents. The dimethylsiloxane oligomer (un-
polymerised) is soluble in these organic solvents, and hence the polymer may also 
dissolve. Stability in organic solvents is achieved by crosslinking the polymer, which 
involves the creation of covalent bonds between adjacent polymer chains. When 
crosslinked to a sufficient degree, PDMS swells (absorbs solvent) in the presence of 
organic solvents but does not dissolve. The higher the crosslinking density the less the 
degree of swelling, and the degree of swelling is higher when PDMS is lightly-
crosslinked [17]. Experimental determinations of the degree of swelling are presented in 
Appendix 1, and the relevant results shown in each of the subsequent chapters. 
The method of manufacture of the available membranes utilised an electron beam 
irradiation technique (GKSS) or a thermal treatment method (Twente) in order to 
achieve crosslinking•. The samples used were composite membranes, which comprised 
a PDMS layer formed on top of a polyacrylonitrile (PAN) support material which was 
common to the membranes from both sources. The PAN substrate is a porous material, 
with an average pore size of 6.5 -7 nm [18,19], and was manufactured by GKSS. The 
PDMS samples from the University of Twente used identical substrate material. Table 
2.1 shows the range of PDMS samples used, along with selected data from the 
manufacturers. 
Substrate Nominal Thickness Supplier Material of PDMS Layer Crosslinking Method (J.Ull) 
GKSS PAN 1 Irradiation 
GKSS PAN 2 Irradiation 
GKSS PAN 10 Irradiation 
GKSS PAN 2 Irradiation @ SOkGy 
GKSS PAN 2 Irradiation @ 100 kGy 
GKSS PAN 2 Irradiation @ 200 kGy 
University of Twente PAN 1.5 Thermal 
Table 2.1- PDMS samples used in this study and data from manufacturers. 
' Both techniques require the use of a chemical crosslinking agent; irradiation and thermal treatment 
provide energy to promote the crosslinking reaction. 
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The GKSS membranes were available with a range of PDMS thickness and crosslinking 
density. The specific crosslinking densities were achieved by varying the radiation dose 
during manufacture, with 1 kGy equivalent to 1 kJ/kg. Although no specific data were 
available regarding the degree of crosslinking of the remaining GKSS samples, patent 
literature suggests that the irradiation dose is of the order of 80 kGy [20]. The PDMS 
layer is formed by GKSS using a roll-coating technique, which results in a well-defined 
selective layer. The membrane from the University of Twente was manufactured by 
phase-inversion, which can result in penetration of the PDMS into the PAN substrate. 
The effects of both manufacturing techniques are shown by SEM images in Section 
2.2.1. 
In this and subsequent chapters, discussion of a 'standard membrane' refers to any 
GKSS sample with a 2 J.lm PDMS layer and irradiation dose of 80 kGy. Similarly, 
where no irradiation dose is specified, the discussion infers 80 kGy. 
The physical properties of PDMS from a range of sources [22- 25] are shown in Table 
2.2. 
Physical Property 
Solubility Parameter 
0 2/N2 Selectivity 
N2 Permeance 
Ts 
Value/Remarks 
14.9- 15.6 (MPa)05 
2.2 
280 barrer 
-123°C 
Table 2.2 - Physical properties of PDMS from literature. T8 represents the glass-
transition temperature. 
Of the properties shown in Table 2.2, only the Oz/N2 selectivity was available from the 
manufacturers. There are many gas-separation membranes which have similar Oz/N2 
selectivities [21] so this property cannot be used exclusively to verify that the 
membrane material is PDMS. Although the information about the membranes was 
received in good faith from the manufacturers, for a systematic study it was necessary 
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to establish basic membrane properties. For this reason, experimental characterisation 
was performed to verify the thickness quoted by the manufacturers and to compare 
experimental values with those from Table 2.2. 
2.2 EXPERIMENTAL CHARACTERISATION 
2.2.1 Scanning Electron Microscopy (SEM) 
SEM was used to examine the surface of the PDMS layer and the cross-section of the 
membrane. No pores were visible on the surface of any of the PDMS samples studied, 
however if pores are present they are likely to be smaller than can be seen within the 
10 nm resolution of the instrument. Many SEM images were taken of the various 
batches of PDMS that were used throughout the duration of the project, those shown 
here are representative of all the images obtained. 
To examine the cross section of the PDMS membrane a technique was developed so 
that the section was not destroyed when the membrane was cut. The most effective 
method was to immerse a sample of membrane in liquid nitrogen for a few seconds 
before bending the material until fracture occurredb. An image of a cross-section of a 
10 !J.IIl GKSS membrane prepared in this manner is shown in Figure 2.2. 
PDMS 
Figure 2.2- Cross-section of a 10 filii GKSS membrane. 
• The temperature of liquid nitrogen was below that of the glass-transition temperature of PDMS and 
PAN, hence the material became brittle when immersed in the liquid. 
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Three distinct regions are visible in Figure 2.2; the 10 f.lm PDMS layer, the PAN 
substrate which has a thickness of 40 J..lm, and a third layer at the bottom. This third 
layer is a cellulose-fibre support material onto which the PAN layer is formed; the 
freeze-fracture process has resulted in the detachment of this bottom layer from the 
PAN/PDMS layers. The PDMS layer is well-defined due to the roll-coating process 
used to form the composite membrane. Evidence of roll-coating is visible in Figure 2.2, 
where the PDMS layer has formed over the top of a small particle on the top surface of 
the PAN. Images obtained for the 2 f.lm GKSS samples were similar to that shown in 
Figure 2.2 in that they exhibited a very well defined PDMS layer on the PAN substrate. 
The membranes obtained from the University of Twente were manufactured using a 
phase-inversion process rather than the roll-coating technique employed by GKSS. 
Figure 2.3 shows a cross-section of the Twente PDMS membrane. 
PDMS 
__ Region of pore-
intrusion 
PAN 
Figure 2.3- Cross-section of the PDMS membrane from the University ofTwente. 
The PDMS layer is clearly visible, however it can be seen that the PDMS has intruded 
into the pores of the PAN layer and hence it is difficult to rationalise the true thickness 
of the selective layer. Nonetheless the thickness is of the order of 1.5 f.lm as quoted by 
the manufacturers. Similar SEM images have been published by the membrane 
manufacturers [19]. 
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Examination of all the available SEM images showed that the thickness of the PDMS 
layer was subject to some variability. The GKSS 10 J.lm samples varied between 8.5 
and 11 J.lm; the nominal 2 J.liD samples varied from 1.5 to 3 J.lm and the Twente 
membrane varied between 0.9 and 2 J.lm. The thickness of the PAN layer was a 
constant 40 ~-tm for all the samples studied. The SEM technique was not suitable for 
determining the average thickness of the PDMS layer for an entire membrane sample, 
which was instead estimated using nitrogen flux data as discussed in Section 2.2.3. 
2.2.2 Atomic Force Microscopy (AFM) 
AFM is a technique which enables the surface roughness of a particular sample to be 
viewed at high magnification. A very fine needle is lowered sufficiently close to the 
sample surface such that a repulsive force is induced between the sample and the needle 
tip. The needle is kept at a set distance from the sample by ensuring that the repulsive 
force is constant. As the needle scans the surface of the sample, a sensitive recorder in 
the needle detects the movements necessary to keep the force constant, and such 
movements correspond to the contours of the sample. 
AFM analysis was performed on the GKSS (2 J.lm) and Twente membranes, the images 
are shown in Figures 2.4 and 2.5 respectively. The images in Figures 2.4 and 2.5 show 
that the GKSS membrane has an unusually corrugated surface, whereas the Twente 
membrane is essentially flat and featureless. No distinct pores are evident in either 
membrane. A possible explanation for the corrugated surface of the GKSS membrane is 
due to the irradiation beam used in the crosslinking process. For this explanation to be 
valid the beam would have to systematically scan the membrane surface, however the 
precise method of irradiation crosslinking is not available in either the technical nor 
patent literature and was not disclosed by GKSS. 
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Figure 2.4 - AFM image ofGKSS 2 Jlm membrane. 
Figure 2.5 - AFM image ofTwente membrane. 
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2.2.3 Nitrogen Permeation 
The PDMS layer is sufficiently thin that damage to the membrane may occur during 
transport or handling. A method was devised whereby each sample of PDMS to be used 
was subject to nitrogen permeation measurements. The gas flux through a membrane, J, 
can be given by Equation 2.1: 
J=kM' 
X 
(2.1) 
where k is the permeance, M' the differential pressure across the membrane and x the 
membrane thickness. The permeance of nitrogen through undamaged PDMS is widely 
reported [1 - 4] as 280 barrer (1010 cm3(STP).cm/cm2.cmHg.s), or 2.13 x 10·6 m2/s.bar, 
and significantly higher values are likely to indicate damage to the PDMS layer. 
Nitrogen permeance was measured using the apparatus shown schematically in 
Figure 2.6. 
Pressure 
Regulator 
Membrane 
Module 
Vent Valve 
1 
Figure 2.6- Nitrogen permeation test apparatus. 
Volumetric 
Flask (250 ml) 
The basic principle in the measurement of permeance was to evaluate the time taken for 
a set volume of nitrogen to permeate through the membrane. This was done by 
measuring the rate at which the gas displaced a set volume of water, in this case 250 ml. 
Nitrogen was supplied to the membrane via a pressure regulator, which allowed the 
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pressure above the membrane surface to be set between 0.5 and 3 bar. Before 
commencing any measurements the vent valve above the membrane was opened and the 
gas purged for two minutes in order to remove any residual oxygen from the module 
assembly. With the vent valve closed and the pressure set to the desired value, the gas 
was allowed to permeate for five minutes in order to achieve a steady state, before being 
diverted into the 250 ml flask0 • Ambient temperatures were recorded during 
experiments so the gas volume could be adjusted to the volume at STP for comparison 
with literature-quoted values. Representative results of a permeation experiment for one 
particular 2 J.lm PDMS sample are shown in Figure 2.7. 
7.0.-----------------------------------------------, 
6.0 
1.0 
y = 2.1589x + 0.0383 
R2 = 0.9997 
0.0+-------r------,------~-------r------~------------~ 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Pressure (bar) 
Figure 2. 7- Measured nitrogen permeation at different pressures. 
The gradient in Figure 2. 7 corresponds to the nitrogen permeance. The 'barrer' unit is 
obtained by converting the pressure from 'bar' to 'cmHg' and multiplying by 1010, 
which in this case results in a permeance of 284 barrer, very close to the specified value 
of 280 for PDMS. All seven variant PDMS samples were evaluated using this method, 
with the results shown in Table 2.3. 
' The linearity of the flux-pressure relationships suggest that 5 minutes is adequate time for the 
permeating gas to reach steady-state. 
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Nitrogen Permeance (barrer) 
Membrane Type Average Min. Max. 
GKSS 1j.i.m 279 272 283 
GKSS 2j.i.m 283 269 294 
GKSS 10 j.i.m 279 277 286 
GKSS 50kGy 285 278 291 
GKSS lOOkGy 280 271 286 
GKSS200kGy 281 274 285 
Twente 1.5 j.l.m 277 270 285 
Table 2.3- Nitrogen permeance data for all membranes studied. A minimum of 5 tests 
were peiformedfor each membrane type. 
Table 2.3 shows the nitrogen permeance for all the membrane samples to be very 
similar, and that the variability in the results is very small (less than 5% ). In all cases the 
average nitrogen permeances are within 2% of the literature-quoted value for PDMS. 
The values shown in Table 2.3 were calculated from the nitrogen flux using the nominal 
thickness of the PDMS layer. Given that the thickness was shown to vary (Section 
2.2.1), the consistency between the literature-quoted permeances and those in Table 2.3 
suggests that the average thickness is very close to the nominal thickness specified by 
the manufacturer. A small number of samples exhibited a very high nitrogen permeance, 
and closer inspection showed considerable damage to the PDMS-layers of these 
samples. Data obtained with these samples are omitted from Table 2.3. 
Nitrogen permeation is unable to distinguish membranes with different degrees of 
crosslinking, with similar permeances obtained for the three membranes with different 
irradiation doses. This is consistent with the observations of Dudley et al. [26], who 
report that thermal crosslinking is the only method which has a significant influence on 
gas transport in polymeric membranes. Interestingly however, the nitrogen transport 
through the Twente membrane is, within experimental scatter, the same as through the 
GKSS membranes despite the different crosslinking technique. 
Also of note was that no change in the nitrogen permeance was detected when used 
membrane samples were studied. Such samples had been used to permeate mixtures of 
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alkane and aromatic solvents, alcohols and gasoline fuels consistent with the 
experimental methods detailed in Chapters 3 - 6. The inference is that no defects are 
present in the PDMS layer, either before or after experimentation. 
2.2.4 Dynamic Mechanical Analysis (DMA) 
DMA is a technique that can identify temperature-associated transitions in polymeric 
materials such as PDMS, and was used in this case to evaluate the glass transition 
temperature and the degree of crosslinking. A stress is applied to a sample in a 
sinusoidal fashion (1 Hz in this case), the stress being low enough for the sample to 
remain in the linear region of the stress-strain curve (i.e. obeys Hooke's Law). If the 
material is perfectly elastic, then the stress and strain will be perfectly in phase. 
Similarly, for a perfectly viscous material, the stress and strain will be 90° out of phase. 
Most polymers are viscoelastic, and hence the phase difference lies between 0 and 90° 
when the sinusoidal stress is applied. DMA measures the amplitudes of the stress and 
strain, as well as the phase angle (b) between them. The amplitudes are related by the 
Complex Modulus, E', which is a measure of the maximum stress ( CTmax) and strain 
(tinax). 
(2.2) 
The phase angle is used to resolve the Complex Modulus into an in-phase component -
the storage modulus (E'), and an out-of-phase component- the loss modulus (E"). 
E' = E' coso; and E" = E' sinO: 
Storage, loss and complex moduli as well as 8 are all sensitive to structural changes in 
the polymeric material, particularly changes associated with the glass transition 
temperature, T8• The DMA technique can determine the mechanical properties at 
temperatures as low as -140°C, so is suitable in the current case due to the reported T8 
for PDMS of -123°C. 
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Three PDMS composite membranes were ana lysed using DMA along with a sample of 
the PAN substrate material (combination of PAN and cellulose-fibre layers). Figure 2.8 
shows the loss modulus, E". plotted against temperature for each of the fou r samples 
studied. 
90 
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Figure 2.8 - Loss Moduli of composite membranes and PAN subs/rate p lotted against 
temperature. 
The DMA analysis shows that the change in loss modul.us due to Tg occurs between 
- 127 and - l20°C for the three samples containing PDMS. The observed transition for 
the composite membranes is not due to the substrate as no substrate transition can be 
seen in the same temperature range. The DMA analysis suggests that all three 
membranes are made from the same material, and the temperature at which the 
transitions occur verify that PDMS is present in each membrane. Appendix 2. 1 shows 
similar temperature-associated transitions in the Storage modulus and the phase angle. 
The change in loss modulus at Tg cannot rationalise the degree of crosslinking in each of 
the membranes, however the storage and loss modul i can be used to compare 
(relatively) the mechanical stiffness of each sample, which is indicative of the degree of 
crosslinking. 
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Membranes with a high degree of crosslinking exhibit a higher Elastic Modulus, E, 
which is the stress-strain ratio for an elastic material. A relationship between E* and E is 
needed if the Complex Modulus measurements by DMA are to be used to evaluate the 
degree of crosslinking. An approximation can be obtained by considering the phase 
angle between E" and E' for each sample. From the DMA data shown in Appendix 2.1, 
the measured values of tano are very low, which correspond to phase angles of <1 o. 
Since the phase angles for each sample are very low the PDMS and PAN exhibit 
negligible viscous behaviour and hence can be considered as 'elastic', in which case the 
Complex Modulus, E*"" Elastic Modulus, E and can be used to compare the degree of 
crosslinking. 
The values of E* calculated from DMA data are those for composite membranes rather 
than for the PDMS layer of interest. By making the assumption that the strain is 
constant in both the PDMS and the substrate when a stress is applied, the Complex 
Modulus of the PDMS layer can be calculated using Equation 2.3: 
(2.3) 
where Et and E2 are the Elastic moduli of the component layers of the composite, and x1 
and x2 are the respective thickness of each layer. A derivation of Equation 2.3 is shown 
in Appendix 2.2. The calculated values of E are shown in Figure 2.9 for three samples 
of PDMS membrane. The nominal thickness of each PDMS sample was used to 
calculate E, and the values of E calculated using the maximum and minimum thickness 
observed by SEM are shown as variance bars. Figure 2.9 shows that the Twente 
membrane has a much higher Elastic Modulus than both GKSS membranes, even in the 
extreme case where the membrane sample used for DMA analysis may have been of 
maximum thickness (2 J.!m). From these data there is little doubt that the Twente 
membrane has a much higher degree of crosslinking than either of the GKSS 
membranes. Results suggest that the 2 J.lm GKSS sample is more crosslinked than the 
10 J.!m sample, although there is some overlap due to the variable thickness of the 
PDMS layer. 
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Figure 2.9 - Calculated Elastic Modulus for the PDMS layer of three composite 
membranes. Variance bars denote the upper and lower limits of elastic modulus based 
on the variable thickness of the PDMS layer in each case. 
The nitrogen permeance data suggest that the average thickness of the PDMS layer is 
close to the manufacturer-specified thickness, in which case the difference between the 
2 J-lm and 10 J-lm membranes in Figure 2.9 is likely to result from their respective 
degrees of crosslinking. Of note is that only one sample of each membrane (2 J-lm and 
10 J-lm) was subjected to DMA analysis, and hence it cannot necessarily be assumed that 
all 2 J.!m membranes are more crosslinked than 10 J.!m membranes. The potential 
variability in the degree of crosslinking in nominally identical membrane samples is 
discussed in Section 4.5.7. 
2.3 SUMMARY 
The experimental characterisation serves as useful reference data for future chapters. 
Determinations of the thickness of the PDMS layer (by SEM and nitrogen permeation) 
allows solvent permeance to be calculated (Chapters 3 & 4). Both SEM and AFM data 
indicate that no manufactured pores are present in the membrane samples, and nitrogen 
permeance data suggest that no defects are present that may impact on the membrane 
performance. The DMA analysis helps to verify that the composite materials contain 
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PDMS, and evaluates the relative degree of crosslinking of different samples, which are 
studied in Chapter 4. 
2.4 NOMENCLATURE 
E Pa 
E' Pa 
E" Pa 
E* Pa 
J rnfs 
k m2/s.bar 
M bar 
X m 
Greek Letters 
E 
(}' Pa 
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CHAPTER 3 · SOLVENT FLUX 
The aim of this chapter is to investigate the flux of various solvents through 
PAN/PDMS composite membranes and to study the application of a range of transport 
models. An understanding of the mechanisms governing solvent flux is desirable as it 
provides a firm base for the study of the rejection of solute compounds from such 
solvents, and also provides valuable information on the flux that could be expected for 
gasoline fuels of different base compositions. The format of this chapter is as follows: 
3.1 Literature review 
3.1.1 Physical transport processes 
3.1.2 Chemical transport processes 
3.1.3 Solubility parameter 
3.1.4 Flory-Huggins theory 
3.1.5 Diffusion 
3.1.6 Pore Flow & Solution-Diffusion models 
3.1.7 Combined mechanisms 
3.1.8 Summary of transport mechanisms and models 
3.2 Experimental 
3.2.1 Test apparatus 
3.2.2 Experimental method 
3.2.3 Repeatabili ty 
3.3 Results and discussion 
3.3.1 Effect of pressure and solvent-type 
3.3.2 Analysis with hydraulic models 
3.3.3 Solvent mixtures 
3.3.4 Solution-Diffusion model 
3.3.5 Machado model 
3.3.6 Membrane thickness 
3.4 Summary & Conclusions and development of hypothesis 
3.5 Nomenclature 
3.6 References 
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3.1 LITERATURE REVIEW 
Many researchers have studied and attempted to model the behaviour of organic 
solvents and polymeric membranes. Initial development of thermodynamic theories in 
this area was carried out by Paul and Ebra-Lima [27] as early as 1970 whereas studies 
into polymer-solvent interactions were documented by Flory [28] in the 1950s, and 
many other workers since. Two distinct processes have been reported for different 
membranes and operating regimes. The transport processes for high pressure liquid 
systems in areas from MF toRO can be modelled as pressure-driven, physical processes 
(although RO can be modelled in several ways). Low pressure systems such as 
pervaporation are governed by chemical transport process such as adsorption and 
diffusion. Nanofiltration applications with dense polymeric membranes have generated 
much conflict in the academic community as to whether physical or chemical transport 
mechanisms are predominant. Since the PDMS/Gasoline application falls into this 
category, an introduction and discussion of both mechanisms is given. 
3.1.1 Physical Transport Processes 
According to Darcy's Law, physical or hydraulic transport through membranes and 
other porous media is pressure-driven. For aqueous systems the flux behaviour can be 
described by the Hagen-Poisuelle equation for viscous flow: 
J = (Membrane) { System ) _(~)(M') 
Properties \Parameters - Sx-z- p, 
(3.1) 
where J is the solvent flux, e the porosity, r the average pore radius, !::.P the differential 
pressure across the membrane, p the liquid viscosity, x the membrane thickness and T 
the tortuosity factor. Pore tortuosity, 7, is usually defined as the ratio of the true length 
of the flow path and the straight-line distance between the beginning and end points 
[29]. In many cases the pore geometry and geometry distribution is unknown, so the 
tortuosity factor reduces to an adjustable parameter. 
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For NF/RO membranes and aqueous systems the osmotic pressure (n) is commonly 
used as a parameter in transport equations. Consider a membrane that only allows water 
to pass through, with pure water on one side and an equal volume of salt water solution 
on the other as shown in Figure 3.1. 
(a) (b) (c) 
IT 
Pure Water Salt Solution 
Figure 3.1- (a) Osmosis, (b) Osmotic Equilibrium, (c) Reverse Osmosis 
Applied 
Pressure 
The pure water will move across the membrane by osmosis as the chemical potential of 
the pure water is higher than the salt solution. This process will continue until 'osmotic 
equilibrium' is reached, i.e. the chemical potential is equal on both sides of the 
membrane. The pressure at which the chemical potential of the salt solution equals that 
of the pure water is known as the osmotic pressure (n). If a pressure is applied on the 
salt-water side of the membrane that is above the osmotic pressure, the chemical 
potential of the salt solution increases, and water passes through the membrane towards 
the pure water. This is known as reverse osmosis or hyperfiltration. 
The water flux in reverse osmosis, lw, can be described by J w oc (M-~Il), however 
there is some debate as to the validity of osmotic pressure when applied to non-aqueous 
systems. It must be noted that osmotic pressure effects will only be prevalent in solvent-
solute systems or where solvent mixtures are used, the flux-pressure relationship being 
ofthe form shown in Figure 3.2. 
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Figure 3.2 - Conceptual flux-pressure relationship for a system with osmotic pressure 
effects. 
The intercept on the x-axis corresponds to the osmotic pressure, however, the capillary 
pressure is another phenomenon which may result in a similar flux-pressure relationship 
to that shown in Figure 3.2. The capillary pressure is the pressure that must be applied 
to overcome the surface tension of a liquid within a pore, i.e. the pressure required to 
push any trapped gases out of the membrane before the liquid may permeate. Capillary 
pressure, Pc, is given by: 
P = 2ycosB 
c (3.2) 
r 
where y is the surface tension of the liquid, B the contact angle between the liquid and 
the membrane material and r the pore radius. The validity of the capillary pressure 
model may be limited if there are significant interactions between solvent and polymer, 
e.g. if the solvent is absorbed within the membrane structure (see Section 3.1.2). 
Interactions between the solvent and membrane may cause deviations from the Hagen-
Poisuelle model, and several workers have developed transport models in an attempt to 
explain such deviations. A preferential sorption-capillary flow model, as described by 
Kimura and Sourirajan [30] can be used to describe the transport mechanism in RO. The 
model assumes that solvent and solute transport takes place in pores, and that water is 
preferentially adsorbed onto the pore walls, with solute rejection taking place at the 
membrane surface. Machado et al. [31,32] proposed a resistance-in-series model to 
describe the flux of organic solvents through composite polymeric membranes. Three 
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significant resistances to mass transport were identified as viscous flow in the 
membrane top layer, viscous flow in the porous support and hydrophilic/hydrophobic 
resistances. The resulting equation for solvent flux is: 
J = fjp 
~[(~r+ t,p,)+ !2.ul (3.3) 
where J is the solvent flux, ~ is a single parameter containing the membrane 
characteristics (porosity, tortuosity, thickness), ~y is the surface energy difference 
between the membrane and solvent, .U is the solvent viscosity andf, andfz are constants 
incorporating the individual mass transfer coefficients and the pore radius. This model 
predicts that hydrophobicity plays and important role in solvent flux; polar solvents 
(those with a high surface tension) will be expected to have a low flux through 
hydrophobic membranes, and a high flux through hydrophilic membranes. Zwijnenberg 
et al. [33] also reported the importance of the surface energy difference in a study of 
polar and non-polar solvents with hydrophilic membranes, and found that permeation 
through the membrane pores is only possible when the difference in surface energy can 
be overcome by the applied pressure. Similarly, Bhanushali et al. [34] have shown that 
solvent surface tension is inversely proportional to flux for hydrophobic membranes, 
and suggest that this is because the polarity of organic solvents is strongly related to 
their surface tension. 
It is clear that solvent-membrane interactions may introduce complications in the 
assignment of a physical transport mechanism to experimental data, and may account 
for much of the current debate surrounding solvent permeation mechanisms. 
3.1.2 Chemical Transport Processes 
Chemical transport through polymeric composite membranes can be broken down into 
five separate processes, as shown in Figure 3.3. 
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Figure 3.3- Regions of mass-transfer resistance in a dense polymeric membrane. 
If a molecule is to pass from the feed to the permeate there are five steps it must first 
overcome: 
I. Diffusion across a boundary layer from the feed to the membrane surface 
2. Sorption into the membrane 
3. Diffusion through the membrane material 
4. Desorption from the membrane surface into the permeate boundary layer 
5. Diffusion across the boundary layer to the bulk permeate liquid 
In the case of membrane processes, the driving force for mass transfer is a concentration 
difference or pressure difference. Each of the five steps listed above will offer a 
resistance to the mass transfer of a molecule, hindering its progress from feed to 
permeate. If the resistance to mass transfer in any one of these five steps is considerably 
larger than that of the others then that step can be said to be the 'rate-determining step'. 
The resistance of the other steps can be neglected so that, in effect, mass transfer in 
these regions is instantaneous compared to the rate-determining step. The assumption of 
instantaneous mass transfer is required in order to systematically determine the transport 
mechanism experimentally. Such an approach has been verified by Kubaczka and 
Burghardt [35], who successfully modelled overall fluxes through porous membranes 
by omitting resistances identified as insignificant. Ten and Field [36] presented a model 
using similar methodology for the removal of organics from water by pervaporation and 
a PDMS membrane. In both cases the sorption and desorption kinetics were found to be 
orders of magnitude higher than the other transport steps. Instantaneous mass transfer 
for sorption and desorption is also a key assumption of the Solution-Diffusion model 
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[37], which will be discussed in more detail in Section 3.3.4. The role of the feed-side 
boundary layer was shown to be an important factor governing concentration 
polarisation effects [38], however boundary layer effects are only likely to be prevalent 
when there is preferential transport of one or more species and not in the case of the 
transport of a single component. 
The sorption and desorption steps can be assumed to be instantaneous, and hence will 
have a negligible affect on the overall flux. However, the sorption process can affect the 
selectivity of the membrane toward a particular substance. Merkel et al. [39] suggest 
that for rubbery polymers (such as PDMS) the selectivity is governed by penetrant 
solubility, with the polymer matrix being considered as 'liquid-like'. They found that 
fluorocarbon transport was an order of magnitude lower than their hydrocarbon 
counterparts, and attributed this to the poor solubility of fluorocarbon components in 
PDMS. Favre et al. [40] studied the sorption of polar/non-polar solvent mixtures in 
PDMS and found that a fractionation occurred, with polar compounds exhibiting a 
lower concentration within the PDMS material. 
Sorption into PDMS can also be referred to as 'Swelling', which is usually expressed as 
a ratio of the volume of a swollen polymer to that of the dry polymer. There are several 
alternative approaches to describe the solubility of a particular component in a polymer; 
the Solubility Parameter and the Flory-Huggins theory are discussed here. 
3.1.3 Solubility Parameter 
The solubility parameter can be used to describe the affinity between individual 
molecular groups and the membrane surface. The Hildebrand solubility parameter, t5, is 
obtained from three 'Hansen' parameters [41]; 4- the hydrogen-bonding parameter, od 
- the dispersion parameter and 4 - the polar parameter. The Hildebrand solubility 
parameter is determined using Equation 3.4: 
(3.4) 
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In the more general case, the solubility parameter is equal to the square root of the 
cohesive energy density, which can also be related to the enthalpy of vaporisation: 
(3.5) 
where Vs is the molar volume of the swelling-solvent. PDMS is widely reported to have 
a solubility parameter of 15.5 MPa05 [34,42], although 14.9 - 15.6 MPa0·5 are also 
reported [ 43]. Differences in the exact value of J for PDMS may result from the nature 
of the crosslinking bonds and the chemical nature of the termination groups at the end 
of the polymer chains [41]. Substances with a similar solubility parameter to PDMS 
would be expected to interact strongly with the membrane material, resulting in 
preferential sorption. Many alkanes have a similar solubility parameter, so would be 
expected to swell the membrane very well. Ethanol and other polar compounds have 
higher solubility parameters, which suggests they will not swell the membrane to the 
same degree as alkanes. A list of solubility parameters applicable to this work is given 
in Appendix 3.1. 
Barton [41] concludes that Hildebrand parameters provide a qualitative indication of 
behaviour for most systems, and good results for a small number of hydrocarbons. 
Hansen parameters provide a quantitative measure of interactions for all systems 
without specific chemical interactions but multicomponent systems require interaction 
cohesion parameters ( 41. 4,, &. 4,, &,). At the time of press, Barton reported that 
progress in polymer-solvent relationships for Reverse Osmosis membranes had not 
proceeded past Hansen parameters. Nearly all documented Hildebrand and Hansen 
parameters are for solvents rather than the solute molecules to be considered in this 
work, although the parameters can be calculated if physical and thermodynamic 
properties are known. A study by Bhanushali et al. [34] has shown that the solubility 
parameter can predict solvent sorption into PDMS membranes. Their work showed that 
sorption decreased exponentially with an increase in solubility parameter above that of 
the PDMS membrane as shown in Figure 3.4: 
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Figure 3.4 - Sorption against solvent Solubility Parameter for pure solvents and PDMS 
taken from Bhanushali et al. [34]. 
Similar data were obtained by Tarleton et al. [44] for the GKSS membranes and organic 
solvents used in this work. 
3.1.4 Flory-Huggins Theory 
The solubility of a species inside a polymer is non-ideal [28], i.e. Henry's law does not 
apply. Flory-Huggins theory attempts to overcome this difficulty by considering the 
activity of a particular solvent species within the polymer matrix, which is given by: 
(3.6) 
where as is the activity of the solvent within the polymer, tA and ~ the volume fraction 
of solvent and polymer, Vs and Vp the molar volume of solvent and polymer, and Z,p is 
the Flory-Huggins interaction parameter or chi parameter. The molar volume of the 
solvent can be neglected with regard to the molar volume of the polymer giving a 
simpler expression. 
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(3.7) 
The interaction parameter is a semi-empirical adjustable parameter that can be related to 
the Hildebrand parameter (see Chapter 5). In most polymer materials, Flory-Huggins 
isotherms can predict sorption of many organic solvents [45] whilst ethanol sorption can 
be described by a combination of Langmuir and Flory-Huggins isotherms. Favre et al. 
[ 46] reported that alcohols in general require a more sophisticated approach in order to 
fit their sorption behaviour to isotherms. Further reports [47,48] confirm Flory-Huggins 
behaviour with hydrocarbon solvents but suggest a 'clustering' model to describe the 
behaviour of alcohols and ketones. The clustering model, originally proposed by Zimm 
and Lundberg [ 49], has been proposed to describe the sorption behaviour of alcohols, 
ketones and other polar species. Clustering describes the formation of dimers and 
trimers due to the presence of hydrogen bonding which inhibits the adsorption of 
molecules containing OH groups. It is therefore possible that clustering could occur 
with other polar species, particularly those present in gasoline fuels such as methanol 
and ethanol. 
The Flory-Huggins approach can accurately predict the sorption of various components 
if swelling equilibrium data are known. The Solubility Parameter approach does not 
require any swelling equilibrium data, however the model is qualitative and potentially 
less accurate than the Flory-Huggins approach, although the data of Bhanushali et al. 
[34] and Tarleton et al. [44] indicate that Solubility Parameter approach provides a 
useful tool to interpret data obtained with PDMS and the solvents used in this study. 
3.1.5 Diffusion 
Diffusion can be described by Pick's Law, which states that the rate of transfer of a 
diffusing substance is proportional to the concentration gradient [50], i.e. 
J=-DdC 
dx 
(3.8) 
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When applied to the case of membranes; J is the flux, C the concentration of diffusing 
substance, x the membrane thickness and D is the diffusion coefficient. In cases where 
D can be assumed to be independent of concentration (dilute solutions), integration 
yields: 
(3.9) 
where CF is the concentration at the interface with the feed and Cp the concentration of 
diffusing species at the interface with the permeate. In cases where diffusion occurs in 
polymers, D can depend strongly on concentration. Duda and Zielinski [51] state that 
theoretical developments in describing mass transfer in polymer systems are inhibited 
by the inherent polymer characteristics, namely crystallinity and crosslinking. This 
gives rise to diffusion that cannot be accurately described by Fick's Law. 
Non-Fickian Diffusion 
The diffusion behaviour in rubbery polymers can be described as Fickian [28]. In glassy 
polymers however, Fick's law does not adequately describe the diffusion process. 
Vrentas et al. [52] reported that even in amorphous (glassy) polymers, regions of 
Fickian diffusion exist. There is no widely accepted model for non-Fickian diffusion, 
however models exist using Fickian diffusion and modifications for the diffusion 
coefficient to explain non-Fickian behaviour in some specific systems [53]. Since 
PDMS is likely to be investigated at temperatures well above its glass-transition 
temperature of -123°C, it is in its rubbery state and non-Fickian diffusion is unlikely to 
be an issue. 
Diffusion through polymers is thought to be governed, in part, by the 'Free-Volume' 
within the polymer [28,51], i.e. the regions between polymer chains and crosslinking 
bonds where a molecule can pass. The Free-Volume is likely to be partly governed by 
the degree of swelling of the membrane, and hence diffusive transport of a particular 
component is somewhat dependent on its solubility. The dependence of flux on both 
solubility and diffusivity has lead to the development of the Solution-Diffusion model. 
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3.1.6 Pore Flow and Solution-Diffusion Models 
During the 1970s the 'Pore Flow' model was widely accepted as the fundamental 
transport mechanism for dense membranes. It considers even dense membranes to 
contain tiny pores through which transport takes place. In recent times the 'Solution-
Diffusion' model has become the more widely accepted mechanism for transport 
through dense polymeric membranes. The membrane is said to be 'swollen' by the 
solvent, meaning that solvent molecules penetrate into the polymer matrix until an 
equilibrium state is reached. The solvent can then diffuse through the swollen polymer, 
which Flory [28] considers an 'elastic solution'. The solution-diffusion model predicts 
the diffusion behaviour in many membrane processes, although it is reported to be 
inaccurate for many ultrafiltration processes where the pore flow model gives a much 
better approximation [3 7]. 
The solution-diffusion and pore-flow models differ in the way the pressure and 
concentration gradients within the membrane are expressed. An excellent review of the 
two models has been carried out by Wijmans and Baker [37] so a complete description 
is not given here. For dense membranes, the flux according to the solution diffusion 
model can be expressed as: 
J _ D,K, [c -c J -v,MJ] 
'- x iF ;pex~ RaT (3.10) 
where the subscript i refers to an individual component, D is the diffusion coefficient, K 
the sorption coefficient or partition coefficient, x the membrane thickness, Cp and Cp 
the concentrations in the feed and permeate, v is the molar volume, t:ll' the trans-
membrane pressure, RG the gas constant and T the absolute temperature. 
According to the solution-diffusion model, the driving force for mass transfer is in the 
form of a chemical potential gradient from feed to permeate. The trans-membrane 
pressure affects the activity of each component and thus their chemical potential. The 
exponential term in Equation 3.10 arises from this pressure-activity relationship. 
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It must be strongly emphasised that the solution-diffusion model is only valid in the 
case where the sorption and desorption rates are orders of magnitude higher than the 
rate of diffusion. 
3.1.7 Combined Mechanisms 
The debate regarding the applicability of pore-flow and solution-diffusion models for 
dense membranes results from the ability of both models to adequately describe various 
experimental data. It has been suggested that both mechanisms can occur, and that a 
transition region exists according to the effective pore size of the membrane [37]. The 
Solution-Diffusion-Imperfection model assumes that both mechanisms occur 
simultaneously [54], with physical transport occurring through 'imperfections' within 
the membrane material. The relevance of combined mechanisms becomes more 
apparent in the analysis of solute rejection data (Chapter 4), so is not discussed in detail 
here. 
3.1.8 Conclusions for Transport Mechanism Models 
Solvent flux is well documented in applications where hydraulic transport dominates, 
with many successful theories put forward to describe system behaviour based on 
measurable physical properties. For chemical transport of solvents and solutes, Flory-
Huggins and Free-Volume theories and associated models are for single or binary 
mixtures of 'simple' solvents. It should be noted that the complexity of the models 
increases dramatically for multi-component systems, with each requiring the extensive 
use of thermodynamic data, swelling data and several adjustable parameters. Flory-
Huggins theory is a complex thermodynamic representation of sorption behaviour and 
likewise, Free-Volume theory for diffusive behaviour. The solution-diffusion theory 
offers perhaps the simplest representation as all immeasurable properties are grouped 
into one adjustable parameter. 
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3.2 EXPERIMENTAL 
The primary solvents used for this particular study were n-hexane, n-heptane, 
cyclohexane and xylene (mixture of isomers). Appendix 3.2 details the exact 
composition of the xylene mixture. Iso-alkanes were also used, these being i-hexane 
(98% 3-Methylpentane), i-heptane (95% 3-Methylhexane) and i-octane (99% 2,2,4-
Trimethylpentane ). The solvents represent a realistic range of the components that are 
commonly found in a gasoline fuel. Methanol and ethanol were also tested, and chosen 
to represent the polar solvents which can be present in commercial fuels. The exact 
compositions of the solvents were determined by gas-chromatography, and their 
densities and viscosities calculated from pure component data at 20°C. The viscosity of 
mixtures was calculated using Equation 3.11, an expression for mixtures of hydrocarbon 
liquids [55], where Jlm is the viscosity of the mixture, fJi the individual component 
viscosity and x; the mole fraction. 
(3.11) 
3.2.1 Test Apparatus 
Solvent flux was measured at pressures from 0.1 to 9 bar. A schematic of the membrane 
module is shown in Figure 3.5. 
The module comprised two stainless steel discs of 150 mm diameter and 20 mm 
thickness. The bottom plate was milled such that a 75 mm diameter sintered plate fitted 
flush with the top surface. The flat-sheet membrane was cut into a disc such that it 
overlapped the sintered plate by 10 mm. A 3 mm thick PTFE gasket was placed over the 
top to clamp the membrane in position, facilitate a hydraulic seal and provide space 
between the membrane and top plate to be filled with liquid. Inlet/outlet channels on the 
top plate allowed the module to operate in both dead-end and crossflow modes. 
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Figure 3.5- Schematic of the flat-sheet membrane module. 
0-1000 kPa 
Pressure 
Relief 
Pressure 
Regulator 
Vent 
Solvent 
Reservoir 
PG 
L..___J 
Figure 3.6- Schematic of Solvent Permeation Apparatus. 
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Membrane 
Module 
Penneate 
The solvents were supplied to the module using the apparatus shown in Figure 3.6. 
Compressed nitrogen was used to pressurise the solvent in the reservoir, whence the 
solvent was forced through a dip-tube out of the reservoir to the membrane module. 
Pressures were measured using a gauge mounted in the solvent reservoir, which was 
calibrated at frequent intervals using a commercial Druck DPI 603 calibration 
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apparatus. As all experiments reported in this chapter were carried out in dead-end 
mode, the pressure in the reservoir corresponded to that above the membrane surface. 
3.2.2 Experimental Method 
Before commencing permeation experiments, the valve on the membrane module outlet 
was opened fully, and a small pressure applied to the fluid in the reservoir to bleed any 
excess air from the system. 100 m! of solvent was run through the module to remove 
any remaining gas and to flush away any residual solvent from the previous test. The 
module exit valve was then closed, and the pressure increased to the test pressure. The 
permeate was left to drain for 10 minutes to establish a steady-state before being 
collected in a narrow-necked flask. Experiments were given enough time to allow 
approximately 100 m! of solvent to permeate the membrane. The permeation rate was 
measured by weighing the collected permeate after a specific time. 
When transferring between different solvents, 500 m! of the fresh solvent was run 
through the reservoir and the module to flush away any residue of the previous solvent. 
3.2.3 Repeatability 
Three PDMS membranes were used to obtain the results reported in this section, all of 
which were the 2 J..lm GKSS membranes with the standard degree of crosslink.ing. The 
n-heptane flux between different membranes varied by ±10%. To account for the 
different membrane samples and their associated variability, the flux-pressure 
relationship for n-heptane was determined first. n-heptane fluxes were also measured at 
3, 6 and 9 bar before the flux-pressure relationship of a new solvent was determined. 
Flux-pressure relationships were established at random pressure increments, with no 
effect of hysteresis. The ratio of solvent flux : n-heptane flux was calculated in each 
series of experiments, and that ratio used to calculate the solvent flux based on the 
original n-heptane data. The re-calculation based on the ratio enabled solvent fluxes to 
be accurately compared. Whether a membrane was stored in a swollen-state or allowed 
to dry had no noticeable impact on the flux performance. 
47 
Chapter 3- Solvent Flux 
3.3 RESULTS AND DISCUSSION 
3.3.1 Effect of Pressure and Solvent-type 
The flux of alkane and aromatic solvents ranged from 10- 100 llm2.hr depending on the 
solvent and trans-membrane pressure. Methanol and ethanol exhibited much lower 
fluxes, and could not be accurately quantified because the evaporation rate from the 
permeate collection beaker was significant compared to the flux. No further attempt was 
made to measure alcohol fluxes, instead it is estimated that the alcohol flux was around 
two orders of magnitude lower than that of alkanes. This finding is in marked contrast 
to reported data for other PDMS-like materials, for instance Gibbins et al. [56] report a 
methanol flux of around 1.5 llm2.hr.bar with an MPF-50 membrane -much higher than 
that obtained with the GKSS membrane. 
An example of the flux-pressure relationships is shown in Figure 3.7 for n-hexane and 
cyclohexane. 
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Figure 3. 7- Flux-Pressure relationship for n-hexane and cyclohexane. 
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Least-squares regression of the data yielded linear relationships over the tested pressure 
range. In all cases, however, an extrapolation of the regressed line for n-alkane, i-alkane 
and cyclic solvents failed to pass through the origin on the flux-pressure plot and always 
exhibited a positive intercept on they-axis. These values do not necessarily represent a 
physical effect, i.e. a measurable flux at zero pressure, rather they are indicative of non-
linear behaviour at pressures up to 9 bar. Table 3.1 shows gradients and extrapolated 
intercepts of the flux-pressure relationships for all solvents in the 3 - 9 bar pressure 
range. 
Solvent Gradient Extrapolated Intercept 
2 1/m .hr.bar l/m2.hr 
n-hexane 8.41 2.53 
n-he~tane 7.00 2.49 
i-hexane 7.80 3.17 
i-heptane 6.25 2.23 
i-octane 4.66 1.56 
cyclohexane 3.66 1.10 
x~lene 4.90 1.74 
Table 3.1 -Gradients and intercepts of the flux-pressure relationship in the 3- 9 bar 
range. 
To evaluate the flow resistance of the substrate, permeation experiments were 
performed with n-heptane and xylene. The flux of n-heptane and xylene through the 
PAN substrate were 385 and 238 l/m2.hr.bar respectively, which is around 50 times that 
obtained with the composite membrane and hence has a limited impact on the overall 
flux performance. Extrapolation of the flux-pressure data for PAN did not yield a 
positive intercept as was the case for the composite membrane, therefore it is clear that 
such intercepts are caused by the presence of the PDMS layer. 
To further investigate the extrapolated intercepts, experiments were carried out with 
xylene and n-heptane at lower pressures. The flux-pressure relationship was established 
at 3 - 9 bar, then the apparatus was modified to assess flux behaviour at pressures as 
low as 0.1 bar. This was done by adding a second pressure regulator in series, along 
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with a more sensitive pressure-measuring device for the lower pressure. Typical results 
for xylene can be seen in Figure 3.8, where the deviation from the 3 - 9 bar trend is 
shown. 
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Figure 3.8 - Flux-Pressure relationship for xylene at high and low pressures. 
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A linear flux-pressure relationship appears to exist in both regions, with 3 - 3.5 bar 
being the pressure range corresponding to the transition between the two regions. 
Although the perceived differences in gradient could be small and perhaps insignificant, 
regression analysis showed that two distinct relationships were a better fit to the data 
than one straight line. In Figure 3.8 for example, one straight line through the data 
points yields a regression coefficient, R2 = 0.9876, which is lower than that obtained for 
two distinct relationships. 
The extrapolated intercepts for pressures above 3 bar has not been explicitly highlighted 
by other workers in the field, yet it is clear that some of the data of other workers 
follows a similar trend, with the authors tending to overlook or ignore such intercepts. 
Bhanushali et al. [34] reported a zero intercept for various solvents and a PDMS 
membrane at pressures from 5 - 50 bar, yet several of their datasets can be reinterpreted 
in a manner similar to that shown in Figure 3.7. Gibbins et al. [56] report that the 
steady-state methanol permeation through a STARMEM 122 membrane at pressures of 
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10 - 60 bar has a zero intercept, whereas their results can be extrapolated to an intercept 
of around 20 11m2 .hr. Scarpello et al. [57] studied solvent flux through a range of 
organic nanofiltration membranes at pressures of 10-40 bar and found a zero intercept. 
It is likely that positive intercepts have been overlooked due to the higher pressures 
studied by other workers, with the lower pressures used in this study combined with 
data obtained at pressure increments of 1 bar serving to highlight the positive intercept 
not previously seen. 
A membrane sample with a PDMS layer of 10 J..lm thickness with the same PAN 
substrate was tested, and the gradient and extrapolated intercept of the flux -pressure 
relationships of n-heptane and xylene were found to be approximately one fifth of those 
obtained with the 2 J..lffi membrane. 
There are several potential explanations for the results shown in Figures 3.7 & 3.8. 
Experimental error was eliminated as no discrepancy in the experimental technique or 
fault in the testing apparatus could be identified, and many repeat experiments confirm 
the results shown here. 
One possible explanation is that compaction occurs up to 3 - 3.5 bar, whence the 
membrane cannot be compressed further. However, compaction could reasonably be 
expected to yield a decrease in gradient with increasing pressure and not a 'step-change' 
as is observed with this system. Recent measurements of the degree of swelling of the 
PDMS layer in composite membranes were performed by Tarleton et al. [44]. The 
swelling was measured under various applied pressures, as shown in Figure 3.9. 
It is shown that compaction of the swollen membrane occurs throughout the whole 
pressure range of 0 - 20 bar, which implies that the gradient of the flux-pressure 
relationship should decrease with increasing pressure. The compaction at lower 
pressures appears to be more pronounced, but cannot rationalise the step-change of the 
flux-pressure profile shown in Figure 3.8. 
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Figure 3.9 - Degree of swelling of PDMS in a xylene solvent under applied pressure. 
Data taken from Tarleton et al. [44]. 
Another explanation for the non-zero intercepts is that there are two distinct transport 
mechanisms; hydraulic and chemical transport. Since PDMS membranes have been 
found to allow sorption and diffusion of organic solvents in pervaporation and vapour 
permeation [58,59], it is reasonable to assume that such diffusive processes can occur in 
nanofiltration. In studies with PDMS membranes several workers found that flux was 
governed, in part, by the solvent viscosity [31,34] which may imply a form of hydraulic 
mechanism. Contrary to this, others have found that chemical transport via the Solution-
Diffusion mechanism is prevalent [27,60]. It is possible therefore that a combination of 
hydraulic and chemical transport exists in transport through PDMS membranes, a 
hypothesis which has also been proposed by Uragami et al. [61]. 
3.3.2 Analysis with hydraulic models 
If a physical transport mechanism is predominant then solvent transport may take place 
via a hydraulic mechanism consistent with Darcy's Law and the Hagen-Poisuelle 
model. Refening to Equation 3.1, if solvent transport is consistent with the Hagen-
Poiseuille model then a plot of flux against (M'/p) for all solvents should simplistically 
yield one straight line with gradient ( c?t8xi'). The densities and viscosities for the 
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solvents used in this study are shown in Appendix 3.2, and Figure 3.10 shows the 
Hagen-Poiseuille plot for all solvents studied. 
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Figure 3.10- Application of Hagen-Poiseuille model for alkane and aromatic solvents. 
Three distinct correlations can be identified. n-alkanes and i-alkanes show different but 
consistent gradients, whereas the two cyclic compounds appear to lie on the same 
regression line, albeit with a higher gradient than that noted for the n-alkanes. It is 
evident that cyclohexane, a cyclic alkane, does not obey the same trend as the other 
alkanes, but it is unclear whether the difference is solely down to molecular shape. It 
appears that apparently similar solvents affect their own membrane properties, i.e. their 
own specific value of (el!Sxt). This is a somewhat surprising result as PDMS is a dense 
membrane with no defined porous structure, yet groups of similar solvents can be 
interpreted to behave as if the membrane has pores, which in turn infers a hydraulic 
transport mechanism. The specific gradients for each solvent infer that deviations from 
the Hagen-Poisuelle model are caused by the physical or chemical properties of each 
solvent group, i.e. each solvent group affects its own membrane properties due to 
interactions with the membrane material. Several other workers have highlighted the 
importance of solvent-membrane interactions. Machado et al. [32] suggested that 
deviations from the Hagen-Poisuelle equation could be related to the surface energy of 
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the membrane and the solvent. Van der Bruggen et al. [62] reported that the polarity of 
the solvent plays a major role, whereas Paul et al. [60] state that solvent flux depends 
primarily on the viscosity of the solvent and the degree to which the solvent swells the 
membrane. The Hildebrand solubility parameter encompasses the polarity of the solvent 
and gives an indication of the degree of swelling of a particular material. Tarleton et al. 
[44] have shown a correlation between solubility parameter and the degree of swelling 
of PDMS for the same solvents used here. Their data are shown in Figure 3.11, along 
with experimental values of (tY/8xi') for each solvent; both of which are plotted against 
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Figure 3.11- Effect of swelling on the gradient of the Hagen-Poiseuille plot. The dotted 
line represents the solubility parameter of PDMS, 15.5 (MPaf-5 • Values of 8 are taken 
from[41]. 
Despite some scatter in the data, Figure 3.11 shows that good-swelling solvents exhibit 
higher values of (tY/8xi') than poor-swelling solvents. Although no solvents with 20 < 8 
< 25 MPa05 were studied, there appears to be a peak both in the swelling ratio and 
(tY/8xi'), although it is difficult to perceive the peak value of (tY/8xi'). The data shown 
in Figure 3.11 are consistent with the observations of Paul et al. [60], and provides 
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evidence that the degree of swelling and solvent viscosities are the major factors 
governing solvent flux. Vankelecom et al. [63] also support these findings, and state 
that convective flow and swelling govern the transport of solvents through dense PDMS 
and MPF-50 (PDMS-based) membranes. 
3.3.3 Solvent Mixtures 
The flux behaviour of n-heptane/xylene and n-hexane/cyclohexane mixtures was 
investigated. Detailed flux data are shown in Appendix 3.4, along with some interesting 
non-linear behaviour when the Hagen-Poisuelle model is applied. Also studied was a 
commercial gasoline fuel - a mixture of 195 identifiable solvent components. Of 
particular interest is the fact that no separation of the n-heptane/xylene or n-
hexane/cyclohexane mixtures occurred (samples analysed using a refractive index 
technique), and the permeate composition of the gasoline fuel was, within experimental 
error, identical to the feed composition (analysis shown in Appendix 3.3). Although the 
components of the mixture(s) vary in molecular size and chemical functionality, they 
are all of a very low polarity (polar compounds will induce a separation as described in 
Chapter 5). The transport mechanism for low polarity solvents must therefore allow for 
'coupled flows', whereby the mixture does not separate. A chemical transport 
mechanism consistent with Fick's Law alone cannot predict coupled flows as the 
diffusivity of each component in the mixture is likely to be unique. 
Several authors have reported similar behaviour for binary solvent mixtures and a dense 
membrane, and all have attempted to rationalise their results using a Solution-Diffusion 
approach with appropriate modifications to allow for coupled flows. Paul et al. [60] 
reported the non-separation of mixtures of toluene/cyclohexanone and i -octane/CCI4 
when permeated through a swollen rubber membrane, and treated the mixtures as 
pseudo-single components with the properties of the mixture. Nagy [64] introduced the 
concept of a 'coupled binary diffusion coefficient' in order to assign a chemical 
transport mechanism to the non-separation of solvent mixtures. A similar approach has 
also been adopted by Schaetzel et al. [65] and Iz:ik et al. [66], who used 'coupling 
coefficients' along with Fick's Law to apply the Solution-Diffusion model to 
pervaporative separations. In all cases the physical meaning of such coefficients is 
rather limited, although Izak et al. [66] suggest that coupling is caused by 'mutual drag 
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between different permeates originating from short-range molecular interactions'. 
Whilst it is recognised that such interactions may take place to some degree (within the 
context of a chemical transport mechanism), it is unlikely that such coupling effects can 
lead to a non-separation of each of the binary mixtures studied here, and by Paul et al. 
[60]. Furthermore, whilst it may be possible to apply the principle of coupling to a 
binary mixture it is highly unlikely that such coupling effects, combined with individual 
and unique diffusivities, can account for the non-separation of the 195 component 
mixture that comprises the gasoline fuel. In this case the dominant mechanism is more 
likely to be hydraulic in nature, whereby a mixture will not separate unless there are 
significant interactions with the membrane material. 
It has been shown that the Hagen-Poiseuille model provides a good fit to most of the 
experimental data obtained. Whilst swelling has been recognised as the most likely 
cause of deviations from the Hagen-Poisuelle model, the model proposed by Machado 
et al. [32] attempts to explain such deviations by considering surface energy. Other 
workers studying similar solvents with PDMS membranes have found their results 
favour the Solution-Diffusion model [34,67]. Both models have been evaluated in terms 
of their applicability to the experimental data obtained here. 
3.3.4 Solution-Diffusion Model 
In the case of pure solvents, Equation 3.7 reduces to the simpler expression: 
DK ( (- vi:!.P)) 1 =~ 1-exp RGT (3.12) 
Since there is no concentration gradient across the membrane, solvent transport takes 
place because its activity is higher on the feed-side due to the increased pressure. 
Assuming that the partition and diffusion coefficients are independent of pressure, D 
and K can be grouped into a single parameter. Assuming that the thickness of the PDMS 
layer is equivalent to its dry thickness•, the Solution-Diffusion model can therefore be 
'A more thorough description of this assumption is given in Section 3.3.6. 
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fitted to the experimental data using a single adjustable parameter. Figure 3.12 shows an 
example of this, with the experimental flux data of n-hexane and cyclohexane. 
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Figure 3.12- Application of Solution-Diffusion model to n-hexane and cyclohexane flux 
data. 
Over the range of pressures studied, the Solution-Diffusion model provides a good fit to 
the experimental data, albeit with an intercept at the origin. The model can be applied to 
all of the solvents used in this study with similar regression coefficients to those shown 
in Figure 3.12, and Table 3.2 shows the values of D.K obtained for each solvent. 
Solvent 
n-hexane 
n-heptane 
i-hexane 
i-heptane 
i-octane 
xylene 
cyclohexane 
D.K 
Xl0.10 m2/s 
10.0 
7.1 
8.8 
6.2 
4.2 
5.9 
5.5 
Table 3.2- Correlation coefficients for the solution-diffusion model when applied to the 
experimental solvent flux data. 
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Whilst one could intuitively expect the partition coefficient, K, to equal unity for a pure 
solvent, this is not the case. K defines the solvent fraction within the swollen polymer, 
i.e. by considering that the polymer chains contribute to the total volume of the swollen 
polymer. In this manner, the effect of swelling can be encompassed by the SD model, 
with higher values of K denoting a larger solvent fraction within the membrane and thus 
a larger degree of swelling. The diffusivity of a solvent in a swollen polymer is reported 
to vary exponentially with the degree of swelling which the solvent imparts [68]. The 
same authors give an indication of the diffusivities of a number of solvents in PDMS; 
the diffusivity of benzene is of the order of 10·9 m2/s when its volume fraction within 
the swollen PDMS is around 0.2, although no indication is given as to the diffusivities 
for larger degrees of swelling. From the swelling data of Tarleton et al. [44], it can be 
estimated that (for this particular PDMS membrane and solvent system) the partition 
coefficient is of the order of 0.5. The diffusion coefficients are therefore approximately 
double the values of D.K shown in Table 3.2, and are all of the order of 10·9 m2/s. 
Whilst these diffusivities are relatively high for a solvent/polymer system (diffusion 
coefficient in liquids are of the order of 10·9 m%), the work of Wesselingh and Boil en 
[68] nonetheless indicates that they may be realistic. It is therefore difficult to assess the 
suitability of the SD model based solely on the magnitude of the predicted diffusion 
coefficients. 
There is one fundamental drawback with the SD model in the form of Equation 3.10 in 
that the model cannot explain the non-separation of solvent mixtures, which has been 
observed experimentally both here and by other workers [27,31]. In a binary mixture 
denoted by subscripts 1 and 2, for no separation of the two solvents to occur then: 
(3.13) 
i.e. the concentration-adjusted fluxes of each component are equal, in which case the 
Solution-Diffusion model takes the form: 
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(3.14) 
For non-separation of a binary mixture, the sorption and diffusion coefficients of both 
solvents must satisfy Equation 3.14. The diffusion coefficient of a solvent in a 
multicomponent mixture is not necessarily equal to the pure solvent diffusivity due to 
interactions with other components. In this case a coupling coefficient (a;j) can be used 
to relate the pure solvent diffusivity (D;) to the mutual diffusivity in the mixture (Dij), 
the relationship is given by Equation 3.15 [65]. 
D. 
a .. =-' 
u Dij (3.15) 
Introducing the coupling phenomenon into Equation 3.14 for a binary mixture yields: 
I ( a21DIKI)-( _ ) tli' n - V1 V2 a 12 D2 K2 RGT (3.16) 
In this case the equation can be satisfied if the values of a12 and a 21 correspond 
specifically to coupled flows. In physical terms, the mutual drag forces which may 
affect the diffusion of each species must be such that a12 and a21 take these specific 
values for coupled flows. Whilst there may be some circumstances where this will 
occur, the fact that mixtures of all of the solvents studied do not separate suggests that 
the fundamental principles governing the Solution-Diffusion model are not valid for the 
PDMS membrane and solvents used here. The Solution-Diffusion model becomes even 
more difficult to rationalise when a gasoline fuel is considered, in which case there is no 
separation of a mixture containing around 200 base components. If the Solution-
Diffusion model was to apply to a gasoline fuel then the sorption, diffusion and 
coupling coefficients of all 200 components must all satisfy Equation 3.16, a condition 
which is highly improbable. 
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3.3.5 The Machado Model 
The solvent flux model developed by Machado et al. [31,32] uses a resistance in series 
approach, the resulting expression being shown in Equation 3.3. The literature survey 
revealed the Machado model to be the only expression to encompass the surface tension 
of the solvent as a parameter affecting its flux. Before considering the Machado model, 
the background theory must first be understood. 
The model is partly based on the Hagen-Poiseuille approach, with pressure being the 
driving force for solvent transport. Three resistances to solvent flux are a surface 
resistance at the pore entrance, a viscous resistance during flow through the pore and a 
further viscous resistance in flow through the substrate. The resistance in the substrate 
has been shown to be negligible compared to that in the upper PDMS layer (see Section 
3.3.1), so Equation 3.3 reduces to: 
J = M 
R 0 +R1 
s " 
(3.17) 
where R~, the surface resistance, is proportional to the difference in surface tension 
between the membrane and solvent; 
0 k~ ( ) Rs = d2 rc-rL 
p 
(3.18) 
where k~ is a constant incorporating the pore characteristics, 11. is the surface tension 
of the solvent and Yc the critical surface tension of the membrane material. The viscous 
resistance, R~ is derived from Darcy's Law and is expressed as: 
(3.19) 
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where k~ = 32x1'. The resultant expression for solvent flux is therefore given by: 
e 
(3.20) 
The critical surface tension of the PDMS-layer of an MPF-50 membrane is reported as 
21.0 mN/m [31], however Ye has also been shown to be dependent on the molecular 
weight between crosslinking bonds and on the chemical nature of the end-groups of the 
PDMS chains [69,70]. For PDMS with a relatively low degree of crosslinking, the 
surface tension is close to 21.0 mN/m at 20°C for all types of end-group. As the 
molecular weight between crosslinking bonds decreases, i.e. due to a higher degree of 
crosslinking, the surface tension can be between 18.0 and 21.5 mN/m at 20°C 
depending on the end-group. The surface tension of the solvent is a more 
straightforward matter, with values of selected solvents shown in Table 3.3. 
Solvent YL 
x10"3 N/m 
n-hexane 18.4 
n-heptane 20.3 
i-octane 18.8 
cyclohexane 25.0 
xylene 30.0 
methanol 22.6 
ethanol 22.3 
water 72.8 
Table 3.3- Surface tension of selected solvents. 
An obvious ambiguity with this approach is that (Yxylene - )PoMs) is greater than (Ymethanol 
- JPoMs), so the inference is that methanol flux ought to be higher than xylene flux given 
their viscosities are more or less equivalent. This is the opposite of the experimental 
case reported in Section 3.3, so the Machado model in its current form is unable to 
predict the flux of gasoline-related solvents through the PDMS membranes used in this 
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study. Since the Machado approach is partly derived from the Hagen-Poiseuille model 
then the 'constants' a;, k! and k~ are likely to be functions of the solvent-type as 
shown previously. In the analysis of the Hagen-Poiseuille model earlier in this chapter it 
was shown how (el!Sxi') varies with solvent type, with perhaps only the membrane 
thickness being the one parameter which is known. The Machado model also 
incorporates solvent-type via surface tension, however it is impossible at this stage to 
fully analyse the validity of the model due to the large number of unknown parameters. 
3.3.6 Membrane Thickness 
Both hydraulic and diffusive fluxes are inversely proportional to the thickness of the 
membrane. When swollen, the PDMS layer can expand to up to 270% of its dry 
thickness [44], the exact amount depending on the solvent used and the trans-membrane 
pressure. Irrespective of whether physical or chemical mechanisms are prevalent, one 
would expect a change in thickness to influence the solvent flux. Examination of 
Figure 3.9 shows that the membrane thickness decreases by approximately 30% over 
the pressure range of 0 - 10 bar, however the flux-pressure relationship for each solvent 
remains linear over the same pressure range. Contrary to this, fluxes obtained using a 
membrane with a dry PDMS thickness of 10 ~tm exhibited fluxes one-fifth of those 
obtained with a 2 ~tm membrane. The solvent flux appears to depend on the dry 
thickness of the PDMS layer rather than the swollen thickness. A potential explanation 
for this is that the resistance to solvent permeation (physical or chemical) may be 
determined by the number of polymer chains which the permeating solvent molecules 
must pass, rather than the total distance between feed and permeate-sides of the 
membrane. Assuming the density (PDMS-layer) of the 2 ~tm and 10 ~tm membranes to 
be equal, a solvent permeating the 10 ~tm membrane must pass five times as many 
polymer chains as a solvent permeating through the 2 ~tm membrane, and hence the flux 
varies by a factor of 5. The inference is that the extra thickness caused by the sorption of 
the solvent does not impart any significant resistance to solvent permeation, and the dry 
thickness is that which should be used for calculation purposes. 
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3.4 SUMMARY OF RESULTS AND DEVELOPMENT OF A HYPOTHESIS 
The flux of all solvents studied was linear with pressure in the 3 - 9 bar range, with 
non-linear behaviour evident at lower pressures. Although the magnitude of the 
deviations was small (and neglected in the development of transport models), it was 
suggested that compaction of the membrane layer or a dual transport mechanism could 
account for the experimental observations. 
The pure solvent flux can be adequately treated using both hydraulic and diffusive 
models. A correlation between solvent flux and solvent viscosity was found to exist for 
solvents in a particular homologous series, which is consistent with the Hagen-Poisuelle 
equation for hydraulic transport. Deviations from the Hagen-Poisuelle model correlate 
with the degree of solvent-induced swelling rather than solvent surface tension. The 
Solution-Diffusion model adequately describes the flux-pressure relationships of all the 
solvents tested, and this chapter has served to highlight the current conflictions between 
the two models. Hydraulic models gain an advantage when solvent mixtures are 
considered as they predict that no separation will occur, whereas diffusive models are 
only able to do this through the use of adjustable parameters (coupling coefficients) 
with little physical significance. 
Supposing that hydraulic flow is the predominant transport mechanism for solvents and 
solvent mixtures; this is surprising considering that PDMS is a dense membrane, with 
no defined pore structure. 
It is hypothesised that when swollen in a good-swelling solvent such as n-heptane, the 
membrane expands in volume such that the Free-Volume between polymer chains 
increases to an extent where hydraulic flow is possible, with the membrane exhibiting 
many characteristics of a porous structure. 
The solvent flux data presented in this chapter are not sufficient to verify this 
hypothesis. It is intended as a possible mechanism by which the suggested hydraulic 
mechanism may take place, and further chapters studying solute rejection will aim to 
challenge this hypothesis. 
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3.5 NOMENCLATURE 
a Activity of solvent within polymer 
c MP a Cohesive energy density 
c Concentration 
dp m Pore diameter (Machado model) 
D m2/s Diffusion coefficient 
Ji rn/s Constant (Machado model) 
/2 m-1 Constant (Machado model) 
Mlvap kJ/mol Energy of vaporisation 
J m3/m2.s Flux 
kM m Pore characteristic constant (Machado model) 
K Partition coefficient (SD model) 
M' bar Trans-membrane pressure 
Pc bar Capillary pressure 
r m Pore radius 
R bar.s/m Transport resistance 
Ra bar.m3/moLK Universal gas constant 
T K Temperature 
X m Membrane thickness 
Greek Letters 
a Coupling coefficient (SD model) 
r N/m Surface tension 
0 MPao.s Solubility parameter 
Q, MPao.s Hydrogen-bonding parameter 
0d MPao.s Dispersion parameter 
4 MPao.s Polar parameter 
e Porosity 
ll Pa.s Viscosity 
tur bar Osmotic pressure 
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T 
V m
3/mol 
9 rad 
1/J s/m
2 
1/J 
X 
Subscripts 
Tortuosity factor 
Molar volume 
Contact angle 
Constant (Machado model) 
Volume fraction (Flory-Huggins model) 
Interaction parameter (Flory-Huggins model) 
c Critical (Surface tension for Machado model) 
F Feed 
i Species i 
m Mixture 
P Polymer (Flory-Huggins model) 
P Permeate 
p Pore (Machado model) 
S Solvent 
S Surface (as in surface resistance for Machado model) 
f.J Viscous (as in viscous resistance for Machado model) 
Superscripts 
0 Surface 
1 Depth of membrane 
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CHAPTER 4 -BINARY SOLUTE REJECTION 
This chapter expands on the knowledge gained from the study of solvent flux (Chapter 
3) to investigate the rejection behaviour of binary solvent/solute systems with dense 
PDMS membranes. In particular, this chapter focuses on the behaviour of non-polar (or 
low polarity) solutes and solvents which are representative of the composition of 
gasoline fuels. The chapter is divided into the following sections: 
4.1 Introduction and literature review 
4.1.1 Rejection mechanisms 
4.1.2 Previous findings 
4.1.3 Diffusive transport 
4.1.4 Physical transport 
4.2 Screening tests 
4.3 Experimental 
4.3.1 Membrane stability and performance over time 
4.4 Results and discussion 
4.4.1 Hydrodynamic effects 
4.4.2 Effect of pressure 
4.4.3 Effect of solute concentration 
4.4.4 Variation between membrane batches 
4.4.5 Effect of solute size 
4.4.6 Effect of crosslinking 
4.4.7 Flux/selectivity relationship and membrane thickness 
4.5 Modelling 
4.5.1 Solution-Diffusion 
4.5.2 Spiegler-Kedem 
4.5.3 Pure-Diffusion 
4.5.4 Convection-Diffusion 
4.5.5 Summary of transport models 
4.5.6 Measurement of diffusion coefficients 
4.5.7 Evaluation of effective membrane pore size 
4.6 Summary, conclusions and potential for further study 
4.7 Nomenclature 
4.8 References 
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4.1 INTRODUCTION AND LITERATURE REVIEW 
4.1.1 Rejection Mechanisms 
Irrespective of whether a membrane is porous or dense, there are two generic ways in 
which rejection can take place; at the surface of the membrane, or throughout the entire 
thickness of the membrane material. Figure 4.1 shows a representation of such 
processes. 
Case #1 Case #2 Combination 
1 ; 
CF CF CF 1---1 
~ ~ ~ '0 ;' ' ':, 
Figure 4.1 -Potential rejection mechanisms. CF and Cp represent feed and penneate 
concentrations of solute. 
Case #1 shows a situation whereby rejection occurs at the membrane surface and 
Case #2 shows how rejection occurs throughout the membrane. A combination of both 
methods may exist which is also shown in Figure 4.1. 
Surface rejection can occur via several mechanisms, including: 
• Size Exclusion - The solute is too large to enter the transport region within the 
membrane 
• Surface Repulsion - Solutes can be repelled due to hydrophobic/hydrophilic 
interactions with the membrane material or electrostatic forces 
• Adsorption - The surface of the membrane material may selectively adsorb one or 
more of the permeating components. 
Likewise, rejection throughout the membrane is not restricted to a single mechanism: 
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• The solvent and solute may transport through the membrane at different rates, either 
by physical or chemical transport processes 
• Depth Capture - The membrane may act as a depth filter, with solute molecules 
being trapped within the membrane structure. This can potentially occur via a 
physical mechanism, i.e. due to the size of the solute, or via a chemical mechanism, 
i.e. adsorption of the solute within the membrane material. 
In addition, secondary mechanisms such as boundary-layer effects and concentration 
polarisation may act to further contribute toward solute transport, however they will 
only be prevalent in conjunction with a primary rejection mechanism. 
One concept for the transport mechanism in non-aqueous NF systems utilising dense 
membranes is the solution-diffusion model first proposed by Lonsdale et al. [71], where 
permeation takes place due to a substance dissolving in the membrane material and 
diffusing through it. The selectivity of the membrane is therefore governed by 
differences in the solubility and diffusivity of the permeating species, with the sorption 
generally being non-ideal [72]. An alternative approach is that of the pore flow model, 
whereby even the densest of membranes is considered to contain pore-like features 
through which permeation takes place. 
4.1.2 Previous Research 
Although the literature in this field is by no means extensive, several workers have 
studied and attempted to model the solute rejection behaviour of non-aqueous systems 
that bear some similarity to gasoline fuels. 
Scarpello et al. [73] studied the behaviour of organometallic catalysts in solvents with a 
range of polarity using an MPF-50 membrane, similar to the PDMS membranes used in 
this study. They found that catalyst rejection was dependent on the solvent type, and 
that rejection increased with increasing pressure. The increase in rejection with pressure 
was suggested to be caused by a compaction of the membrane layer which resulted in 
more-confined transport regions, although it must be noted that the flux-pressure 
relationship remained linear. Increasing catalyst concentration was shown to improve 
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solute rejection with a small decline in flux, whereas higher temperatures prompted 
higher fluxes with little effect on solute rejection. 
Van der Bruggen et al. [74,75] also studied solute rejection with an MPF-50 membrane, 
and reported that solute rejection was dependent on the solvent type. They found that 
rejection in non-polar solvents was lower than that in polar solvents, and attributed this 
to the pore size being dependent on the mobility of the polymeric chains when 
contacted with organic solvents. Gibbins et al. [76] showed solute rejection in methanol 
to increase with both pressure and solute molecular weight, and estimated an effective 
pore radius of 0.6 nm for the MPF-50 membrane using pore models developed for 
ultrafiltration processes. 
Based on surface rejection and separation throughout the membrane layer, Van der 
Bruggen et al. [77] evaluated several models to predict the pore size of nanofiltration 
membranes based on the solute size and the measured rejection. Similarly, if the pore 
dimensions are known then the same models can be used to predict the rejection of a 
particular component based on its size. 
Bhanushali et al. [78] found that solute rejection achieved an asymptotic value with 
increasing pressure, and suggested that solute transport was partly governed by 
convective flow. They successfully modelled their results using the Spiegler-Kedem 
model, which is based on the coupling of solvent and solute flows. 
Concentration polarisation was highlighted as an important factor governing solute 
rejection by Peeva et al. [79], who found that solute transport was affected by the 
crossflow velocity of the feed solution. The rejection of an ammonium compound in 
toluene was modelled using a combination of film-theory and the solution-diffusion 
model, although no allowance was made for the coupling of solvent and solute fluxes. 
Stafie et al. [80] studied the separation of oil-hexane mixtures with PDMS, and 
suggested that transport occurred via the solution-diffusion model combined with 
coupling of solvent and solute flows. With oil concentrations up to 30%, osmotic 
pressures up to 4 bar were observed. Also of note was that oil rejection was asymptotic 
with increasing solvent flux, and that solute rejection increased with increasing solute 
molecular weight. 
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Much of the previous work has been carried out using different SRNF membranes, and 
it is clear that the flux and separation performance is partly dependent on the membrane 
material used and the properties/characteristics imparted during manufacture. Of the 
studies in the SRNF field, none (to the knowledge of the author) have investigated the 
effect of crosslinking of the dense membrane materials, which is known to significantly 
effect the degree of swelling [81]. Workers in the field of pervaporation have, however 
studied the effects of crosslinking of dense polymeric membranes and its overall effects 
on flux and selectivity. Nguyen et al. [82] studied the pervaporation of water-ethyl 
acetate mixtures with PDMS and found that an increase in the degree of crosslinking 
resulted in a lower overall flux and an increased selectivity for the ester. Matsui and 
Paul [83] also report a decrease in flux with increased crosslinking but found that 
aromatic/aliphatic hydrocarbon selectivity remained constant. The crosslinking 
technique may also affect the performance of the membrane; Dudley et al. [84] reported 
that annealing (heating) was the only technique capable of influencing gas transport. 
They also found that UV, y and electron beam radiation techniques achieved very low 
conversions (10- 20%) of the crosslinking agent, suggesting that membranes treated in 
this manner (such as the GKSS PDMS) are less crosslinked than those that are 
crosslinked using thermal techniques. The DMA analysis performed in Chapter 2 
appears to verify this observation. 
From previous studies [73-78], the parameters affecting solute rejection can be 
summarised as follows: 
• Solvent Type 
• Solute Molecular Weight 
• Solute Concentration 
• Trans-membrane Pressure 
• Crossflow Velocity 
• Membrane Material/Degree of Crosslinking 
Of particular interest is the discrepancy between the interpretation of transport 
mechanisms for similar solvent/solute/membrane systems. The majority of the cited 
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works have identified convective flow, or utilised models based on convective flow and 
porous membranes [73-78]. This supports the hypothesis proposed in Chapter 3 which 
implies an effective pore structure due to solvent-induced swelling of the PDMS-layer. 
However, diffusive models with solvent-solute coupling also appear to describe the 
solute rejection behaviour with dense membranes for some solvent/solute systems 
[79,80]. An outline of the application of both mechanisms to solute transport is given in 
Sections 4.1.3 & 4.1.4. 
4.1.3 Diffusive Transport 
Diffusive transport through dense membranes commonly takes the form portrayed by 
the Solution-Diffusion (SD) model, which has been described in detail in Chapter 3. 
The diffusivity of molecules through dense membranes can vary by several orders of 
magnitude depending on the degree of swelling [85]. Geens et al. [86] reported that 
swelling results in a reorganisation of the membrane matrix, which can alter the 
porosity and solute rejection characteristics of the membrane. Paul et al. [87] suggest 
that at high swelling, the resistance to solute diffusion arises from hydrodynamic 
interactions with the solute and tortuous flow around polymer-chain obstructions. At 
low swelling, the effects of solvent interaction are reduced and the diffusion coefficient 
approaches an asymptotic limit. The inference is that at high swelling, solvent-solute 
coupling effects are likely to occur whereas the diffusion of each species will occur 
more independently when the membrane is less swollen. The validity of the SD model 
is therefore diminished when the degree of swelling is high. 
4.1.4 Physical Transport 
The Solution-Diffusion-Imperfection (SDI) theory is based on the same principle as the 
SD model, however viscous flow of solvent and solute is assumed to take place through 
imperfections within the membrane material, whereby no separation occurs [88]. The 
model was found to apply to reverse osmosis applications with cellulose acetate 
membranes. A further revision of the SDI model also accounts for diffusive transport 
(in conjunction with viscous flow) of solute through these imperfections [89]. 
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The Spiegler-Kedem (SK) model also assumes viscous and diffusive flow of the solute 
through the membrane [90]. Solute rejection according to the SK model is given by: 
R=(1-F)a 
1-aF 
(
-1 (1-a)J F =exp vPs 
(4.1) 
(4.2) 
where 0' is the 'reflection coefficient', lv the total solution flux and Ps the solute 
permeance. The reflection coefficient is a parameter used to describe the maximum 
possible retention of a solute. A simpler approach has been adopted by Gilron et al. 
[91], Jagur-Grodzinski and Kedem [92] and Burghoff et al. [93], where the solute flux 
(J;) is expressed as a linear combination of convection and diffusion and can be written 
as: 
dC 11 =-D,-+lvC(1-a) dx (4.3) 
where D; is the diffusivity of the solute and C is the average concentration of solute in 
the membrane. Jain and Gupta [94] assessed the performance of the Spiegler-Kedem 
model and a more complicated Surface Force Pore Flow (SFPF) model [95], modified 
to included concentration polarisation. The two models were found to give very similar 
predictions of salt rejection in reverse osmosis. As well as applications in NF and RO, 
Nakao and Kimura [96] reported the SK model to apply to the rejection of larger solutes 
in ultrafiltration applications, where viscous flow through the pores of the membrane is 
much more pronounced than in NF or RO. 
Van der Bruggen et al. [77] studied several models to predict the reflection coefficient 
( ~ for NF systems which were based on specific structures for the membrane material, 
along with various resistances to solute transport. By far the most simplistic is the Ferry 
model, which describes the retention of a sphere through a capillary [97]. The Steric 
Hindrance Pore (SHP) model assumes uniform cylindrical pores, with interactions 
occurring with the pore wall which impede solute transport [98]. Another model 
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assuming an idealised membrane structure is tbat of Zeman and Wales [99], which 
considers the resistance to solute convective transport due to hydrodynamic Jag in the 
membrane pores. A 'log-normal model' was introduced by Van der Bruggen et al. [77], 
which considers the membrane pore size to be described by a log-normal distribution. 
They also found that models based on idealised pore structures gave very good 
agreement with experimental solute rejection data. 
To the knowledge of the author, none of the current literature in SRNF utilises the SDI 
model to interpret experimental observations, although it has clear parallels to the 
Spiegler-Kedem model and its simpler derivatives. Indeed, several workers seem 
reluctant to identify convective solute flow, preferring instead to use diffusive models 
with solvent-solute coupling. Much of the transport modelling for solute rejection in 
SRNF has been performed according to physical or combinatorial methods, with 
Gibbins et al. [76] applying the Ferry and SHP models to dense membranes, and 
Bhanushali et al. [78] reporting that the SK and other pore flow models describe solute 
rejection with PDMS. 
The experimental observations and analysis pertaining to convective solute flow 
mechanisms [73-78] support the solvent flux data shown in Chapter 3, where solvent 
flux was shown to be largely dependent on solvent viscosity (i.e. viscous flow) and the 
degree of swelling. It is also evident that other workers have attempted to explain their 
results along similar lines to the hypothesis presented in Chapter 3 [good-swelling 
solvents can expand the membrane structure such that viscous flow is able to take place 
between the polymer chains], with Van der Bruggen et al. [75] suggesting tbat tbe 
effective membrane pore size is dependent on contact with organic solvents (i.e. 
swelling). Although swelling was not explicitly cited as a factor which influences solute 
rejection in Section 4.1.2, the effect of swelling can be determined by studying the 
rejection in different solvents (as characterised by the solvent solubility parameter, t5 
[lOO]) and with membranes with different degrees of crosslinking. 
4.2 SCREENING TESTS 
From the findings of previous workers, the number of potential variables for 
experimental investigation is large. For a systematic investigation of the prevalent 
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transport mechanisms it is necessary to isolate the effects of solute size and charge, with 
polar solutes likely to interact with the hydrophobic PDMS surface. The studies within 
this chapter are restricted to the investigation of low-polarity or non-polar solutes 
(Chapter 5 addresses the effects of polarity), however there are a wide array of such 
solute compounds that could be used which are representative of those present in 
gasoline fuels. For this reason, initial screening tests were performed on a range of 
solutes to assess their solubility, analytical detection and filtration performance under a 
simplified regime, without investigating a large number of variables. A detailed 
description of the screening tests is shown in Appendix 4.1, with the key results shown 
here. 
The rejection of solute compounds with a range of molecular weights was determined in 
xylene and n-heptane under the operating conditions described in Appendix 4.1. Figure 
4.2 shows the solute rejection in the two solvents. 
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Figure 4.2 -Average rejections in xylene and n-heptane solvents plotted against solute 
molecular weight. 
The initial results suggest that the separation mechanism is predominantly size 
exclusion, with the Molecular Weight Cut-Off (MWCO) of the membrane being in the 
region of 350-400 glmol•. The rejections in n-heptane were consistently lower than 
'MWCO is defined as the molecular weight corresponding to a rejection of 90% 
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those in xylene, although in some cases there was a degree of overlap due to the 
relatively large experimental variability. The low molecular weight compounds are 
thought to permeate the membrane under a convective flow regime, whereby they are 
not separated from the solvent. Larger compounds have a very high rejection or are 
retained altogether. The compounds which attain an intermediate rejection are those 
most suitable for study in a test matrix as there is sufficient scope for the rejection to 
change under different operating conditions such as pressure, crossflow and solvent-
type. Two representative compounds were selected based on their solubility in xylene 
and n-heptane and their strong absorbance in the UV -vis range (analytical details 
presented in Appendix 4.2), and their structures are shown in Figure 4.3. 
Iron (Ill) Acetylacetonate 9,10 Diphenylanthracene 
Figure 4.3 - Structures of the two primary solute compounds used for study in the test 
matrix. 
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4.3 EXPERIMENTAL 
4.3.1 Apparatus 
The screening apparatus operated on a 'once-through' principle, i.e. no re-circulation of 
the feed solution, which restricted the crossflow rate considerably. A second apparatus 
was commissioned which operated in circulation mode, so the only restriction on 
crossflow was due to the maximum power of the circulation pump. A schematic and 
photograph of the crossflow apparatus, termed the 'air-driven apparatus', are shown in 
Figures 4.4 and 4.5 respectively. 
A 
I 
I 
-------+-----J 
V2 
---+--w-----
A- Reservoir 
B - Air-Driven Pump 
C -Membrane Module 
D - Pre-Filter 
E- Cooler 
F - Flowmeter 
P- Pressw-e Gauge 
Vl - Drain Valve 
V2 - Air Regulator 
V3 - Sampling Valve 
V4- Permeate Recycle Valve 
VS- Permeate Valve 
V6 - Flow Control Valve 
V7- Back-Pressw-e Regulator 
Figure 4.4 - Schematic of air-driven crossflow filtration apparatus. 
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Pump 
Figure 4.5 - Photograph of air-driven crossjlow filtration apparatus. 
The mixtures for study were added to a 2.5 litre capacity reservo ir. An air-driven pump 
(Micropump Series 220) delivered the fluid to the membrane modu le via a variable area 
flow meter (Krohne H250), a flow control valve and a 15 IJ.I11 pre-filter (Swagelok SS-
6TF-1 5). The permeate could be c irculated back to the reservoir or collected separately. 
The retentate stream passed through a cooler, which used the exhaust air from the pump 
to cool the circu lating fluid, and was fed back into the reservoir. Trans-membrane 
pressure and crosstlow were controlled primarily by the back-pressure regulator and the 
air-regu lator to the pump, the flow-control valve was used to make minor adj ustments. 
All wetted components in the apparatus were made from 3 16L stainless steel except for 
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the ceramic filler element in the pre-filter. The membrane module used was a DESAL 
membrane cell , available commercia lly from Osmonjcs (Minnetonka, USA), a 
photograph of which is shown in Figure 4.6. The module holds a flat-sheet membrane 
with a wetted surface area of75 cm2. 
0-Ring 
Feed Inlet 
Permeate Outlet 
Figure 4.6 - Photograph ofOsmonics DESALjlat-sheel membrane cell. 
The outlet of the membrane module is relatively small , and hence induces a pressure 
drop (under crossflow) between the membrane surface and the outlet channel, where the 
pressure is measured. The trans-membrane pressure (M) is therefore the sum of the 
measured pressure (M~v~) and the pressure drop (M0 ) : 
(4.4) 
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A technique was employed to quantify this pressure drop in terms of the crossflow rate 
and the solvent viscosity which is described in Appendix 4.3, the correlation is given 
by: 
MD =342IQ,u (4.5) 
where Q is the crossflow rate (1/min) and ,u the solvent viscosity (Pa.s). 
The pump was connected to an air-driven motor via a magnetic drive, thus excluding 
the lubricating oil for the motor from the pump chambers. A drawback with this 
configuration is that the magnets de-couple at a torque corresponding to a pressure of 10 
bar. 
The Krohne H250 flow meter consists of a float within a vertical tapered tube. A 
magnetic sensor detects the position of the float, and converts this to a flow rate based 
on a specific density and viscosity. The solvents used in this study exhibited a range of 
viscosities, so a correlation was obtained between the indicated flow and the actual flow 
(detailed in Appendix 4.4 ): 
Qz (pf- Pz).Ut 
Q;" = (P 1 - PJ.Uz (4.6) 
where P!. is the float density, which is estimated as 3000 kglm3• A second apparatus 
(termed the SEPA rig) was available periodically to study the performance of the 
solvent/solute systems at pressures up to 20 bar and crossflow rates of up to 6 litres/min. 
This second apparatus, situated at Shell Global Solutions (Chester) used the same 
DESAL membrane cell and its schematic is very similar to the air-driven apparatus 
shown in Figure 4.4. The main difference between the two apparatus is that the pump on 
the SEPA rig was driven by a 1.5 kW electric motor, so was capable of higher pressures 
(-20 bar) and crossflow rates (6 1/min) than the air-driven apparatus. The flow meter on 
the SEPA rig was a coriolis-type flow meter, which also measured the density of the 
liquid so no correction was required. 
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4.3.2 Experimental Procedures 
Air-driven apparatus 
All the data reported using this apparatus were obtained by using I litre of feed fluid in 
the reservoir, and a IO% stage cut of permeate. Once the test fluid was added to the 
reservoir, it was circulated under no applied pressure for several minutes in order to 
remove any air trapped in the system. With the pressure and crossflow set to the desired 
values, the permeate was collected for at least I5 minutes, or the time taken to collect a 
IO% stage-cut (whichever was the greater) before being added back to the reservoir. 
This was done to allow equilibrium to be established, and to eliminate any effects of 
hysteresis from previous tests. After adding the initial permeate back to the reservoir, 
the pressure and crossflow were set to their desired values, and a 5 m! feed sample 
taken. 5 minutes was allowed for re-establishment of equilibrium before the permeate 
was collected in a pre-weighed vessel for a length of time corresponding to a stage cut 
of IO%. After completion of the test, a 5 m! retentate sample was taken. The permeate 
flux was established by weighing the amount of permeate obtained in the recorded time, 
and a 5 m! sample was subsequently taken. Solute concentration was determined by 
UV-vis spectroscopy using the 5 ml samples (see Appendix 4.2). 
SEPA high pressure rig 
A minimum of IO litres of solvent was required to be added to the reservoir to cover a 
level-sensor that was linked to a safety-trip system. The pump was started remotely, and 
the pressure and crossflow rates set via a back-pressure regulator and a flow by-pass 
valve respectively. With the pressure and flow at the desired values, the pump was 
stopped and any permeate discarded. A 5 m! feed sample was taken from the reservoir. 
A pre-weighed container was placed at the permeate outlet, and the pump started with 
the pressure and by-pass valves in the same positions. Sufficient time was allowed so 
that I litre of permeate could be collected. At the end of the test, permeate and retentate 
samples (5 m!) were taken. 
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4.3.3 Membrane materials 
Experiments were performed using 14 different PDMS samples as shown in Table 4.1. 
Membrane-type Sample Supplier Thickness Remarks Designation 
J.lffi 
Standard Sample 4.1 GKSS 2 
Membranes Sample4.2 GKSS 2 
Sample 4.3 GKSS 2 
Sample 4.4 GKSS 2 
Sample4.5 GKSS 2 
Sample4.6 GKSS 2 
Sample4.7 GKSS 2 
Sample4.8 GKSS 2 
Variable Sample4.9 GKSS 1 
Thickness Sample4.10 GKSS 10 
Variable Sample 4.11 Twente 1.5 
Crosslinking Sample4.12 GKSS 2 50kGy 
Density Sample4.13 GKSS 2 100 kGy 
Sample 4.14 GKSS 2 200kGy 
Table 4.1 -Membrane samples used to obtain the experimental data presented in this 
chapter. 
8 of the membrane samples were nominally identical (Samples 4.1 - 4.8). Two 
membranes were available with different PDMS-layer thickness (Samples 4.9 & 4.10) 
and four samples were obtained with different degrees of crosslinking in the PDMS-
layer. The membrane from the University of Twente (Sample 4.11) was shown to 
exhibit a higher crosslinking density than the standard membranes (see Chapter 2). 
Samples 4.12 - 4.14 were subjected to different irradiation doses during manufacture, 
with 1 kGy equivalent to 1 kJ/kg of absorbed energy. 
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4.3.4 Membrane stability and perfonnance over time 
Before an accurate comparison of flux and rejection data under different conditions 
could be performed, it was important to assess the performance of the membrane over 
time. Part of the scope of this project is to assess the limitations of the process, and the 
lifetime of the membranes is one such limitation. 
It was found in (Chapter 3) that there was a slight flux increase with time, and that the 
flux varied by ±10% between different batches of PDMS. In the latter case the flux data 
of different solvents was compared by evaluating the flux of a standard (n-heptane) in 
between the flux of each new solvent. Figure 4.7 shows the permeability of xylene and 
n-heptane against volume permeated for a single sample of PDMS in the crossflow 
apparatus (crossflow rate of 0.35 litres/min for n-heptane and 0.28 litres/min for 
xylene). 
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Figure 4. 7 - Penneability of xylene and n-heptane with cumulative volume penneated. 
Data obtained with membrane Sample 4.1. 
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The permeability of both solvents does not appear to change significantly with the 
volume permeated. The time-frame over which the measurements were taken was 
approximately 6 months, during which time the membrane remained in the module and 
ranges of experiments were performed using different solvents and solutes. No 
particular effort was made to keep the membrane wet, however a small volume of liquid 
always remained in the module after the reservoir and pipe work had been drained. 
Figure 4.7 suggests that there is no deterioration of the membrane over time and that the 
swelling of the membrane is totally reversible when different solvents are used. The 
rejection of 9,10 Diphenylanthracene was also measured at the beginning and end of a 
particular test series at a pressure of 5 bar; the rejection varied by a maximum of 3% in 
all cases. Such observations are consistent with the nitrogen permeation results in 
Chapter 2, where the permeance of a particular membrane sample was the same before 
and after the sample was used for solvent permeation and solute rejection experiments. 
Also of note is that tests performed by Shell Global Solutions showed a steady flux and 
consistent permeate quality over a period of several months [101]. 
4.4 RESULTS AND DISCUSSION 
Regarding the two principal solute compounds used in this study, the results of 9,10 
Diphenylanthracene are reported to a greater extent in this section as its strong UV -vis 
absorbance allowed better accuracy in the determinations of rejection. Where data 
obtained from both test apparatus is compared, the results were obtained using 
membrane samples from the same batch. 
4.4.1 Hydrodynamic Effects 
The rejection of 9,10 Diphenylanthracene was determined in four different solvents at a 
constant trans-membrane pressure of 5 bar. The solute concentration in each case was 
20 ppm, and crossflow rates varied between 0.1 and 0.71/rnin in the air-driven apparatus 
and 2.5 and 4 1/min in the SEPA rig. Figure 4.8 shows the rejection of 9,10 
Diphenylanthracene plotted against the crossflow rate. 
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Figure 4.8 -Rejection of 9,10 Diphenylanthracene in four solvents as a function of 
crossflow rate_ Data obtained with Sample 4.1. 
In all cases solute rejection is seen to increase with crossflow, and in the case of 
n-heptane and xylene the solute rejection appears to plateau. The rejection in 
cyclohexane and the xylene/n-heptane mixture does not appear to attain a steady value 
over the range of crossflow rates studied, although no data were obtained at higher 
crossflow ratesb. The inference is that a threshold crossflow rate exists which is a 
function of the hydrodynamic regime of the solvent/solute mixture above the membrane 
surface, and so it could be inferred that the threshold for each solvent will have the same 
value of Reynolds Number (Re). The design of the module is such that an exact value of 
Re cannot be assigned because the flow velocity and diameter are unknown. Given that 
the module dimensions are the same for each solvent tested, and that the flow velocity is 
proportional to the crossflow rate in each case, Qpl p., a similar expression to Re can be 
used to compare the threshold values of the solvents used in this particular system. 
Figure 4.9 shows a plot of solute rejection against Qp/ J.l for each of the four solvents. 
• Reliability issues and a restricted time-scale for use of the SEPA rig prevented these data from being 
obtained. 
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Figure 4.9 - Rejection of 9,10 Diphenylanthracene compared to hydrodynamic 
conditions. 
From the data obtained, it is difficult to perceive a threshold value of Qp/ p which is 
common to all four solvents. Although one may tentatively suggest that above 
Qp/ f.l = 10 m the solute rejection appears to reach a plateau, insufficient data exist for 
cyclohexane and the n-heptane/xylene mixture to verify this observation. The solute 
rejection data of Stafie et al. [80] potentially support the existence of a hydrodynamic 
threshold. Although their experiments were performed in a stirred-cell membrane 
apparatus they found that solute rejection attained an asymptotic value with increasing 
stining speed. 
Although the threshold value is only valid for the membrane module used in this study, 
the results are significant as they show that hydrodynamic effects are likely to occur, 
and that an optimum crossflow rate may exist, above which the effect on solute 
rejection is negligible. Caution must be exercised as the flow rates for each solvent are 
estimated based on the density and viscosity ratio of the solvents and the flow meter 
model fluid (described in Appendix 4.4). The hydrodynamic threshold should be viewed 
as an interpretive tool for understanding the solute rejection in this particular system 
rather than a value from which scale-up calculations can be made. 
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Figure 4.9 clearly shows that solute rejection is dependent on the solvent type, which is 
consistent with the observations of previous workers [73 - 75] and is thought to be due 
to the effects of swelling. Good-swelling solvents yield lower solute rejection than poor-
swelling solvents, with the degree of swelling characterised by the solubility parameter, 
0. Bhanushali et al. [102] and Tarleton et al. [103] showed that solubility parameters 
could qualitatively predict the degree of swelling of PDMS. The solubility parameters 
of xylene, cyclohexane and n-heptane are 18.2, 16.8 and 15.3 MPa0·5 respectively, 
which is consistent with the order in which the rejection data appear in Figure 4.9. 
Xylene and n-heptane were added together such that the resulting mixture had a 
solubility parameter of 16.8 MPa05, i.e. the same value as cyclohexanec. Figure 4.9 
shows that solute rejection data for cyclohexane and the n-heptane/xylene mixture 
overlap to a large extent. Given that the viscosity of cyclohexane is double that of the 
xylene/n-heptane mixture it is considered that the similarity in their solute rejection 
characteristics is due to the similar swelling behaviour rather than the transport 
properties of either solvent. The effect of swelling is further discussed in Section 4.4.2. 
4.4.2 Effect of Pressure 
The effect of pressure on solute rejection was evaluated for the same four solvents used 
to assess the effects of crossflow. Solute concentrations of 20 ppm were used, however 
the experiments were not performed at a set crossflow rate due to the different 
hydrodynamic conditions that this creates for each solvent. Instead, a crossflow rate was 
chosen for each solvent that corresponded to a fixed value of Qp/Jl of 10 m, thus 
ensuring equivalent hydrodynamic conditions for each solvent. The value of 10 m was 
chosen as it appears to be point above which (for xylene and n-heptane) solute rejection 
is only marginally affected by increases in crossflow rate. 
The rejection of 9,10 Diphenylanthracene · and Iron (III) Acetylacetonate was 
determined in a xylene solvent using the two different experimental apparatus (both 
using the same DESAL membrane module). Rejection at pressures up to 8 bar was 
determined using the air-driven apparatus (Qpl fl = 10 m), whereas the experiments at 
' For ideal mixtures, the solubility parameter of the mixture can be calculated using the pure component 
solubility parameters and the component volume fractions [lOO]. 
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higher pressures were performed using the SEPA rig (Qpl f.J = 55 m). Results are shown 
in Figure 4.10. 
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Figure 4.10 - Rejection of 20 ppm Iron (Ill) Acetylacetonate and 20 ppm 
9,10 Diphenylanthracene in xylene plotted against trans-membrane pressure. Data 
obtained using two different experimental apparatus and membrane Sample 4.1. 
The rejection of both solute compounds increases with increasing pressure, with the 
largest gains made at lower filtration pressures. The trends appear to achieve a finite, 
limiting rejection at pressures above 10 bard. The blending of successive results from 
the two test apparatus provides further evidence of the hydrodynamic threshold, since 
the value of Qpl f.J for pressures in excess of 10 bar was over five times that used at 
lower pressures. 
Similar experimental observations have been made by a number of other workers. For 
instance, Scarpello et al. [73], Stafie et al. [80], Peeva et al. [79] and Bhanushali et al. 
[78] all reported limiting solute rejection with increasing pressure. The suggested 
explanations for this phenomenon were pore flow, solution-diffusion (with coupling or 
boundary-layer effects) or membrane compaction. 
• Whilst data at higher pressures are required in order to fully verify whether a plateau is attained, the 
rejection-pressure profiles are described as reaching a limiting value in subsequent discussions. 
90 
Chapter 4 - Binary Solute Rejection 
The effect of pressure on the rejection of 9,10 Diphenylanthracene in four solvents was 
studied using the air-driven apparatus. The solute concentration was 20 ppm, with the 
hydrodynamic regime corresponding to Qpfj.t= 10 m. 
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Figure 4.11 -Rejection of 20 ppm 9,10 Diphenylanthracene in four solvents: Effect of 
pressure. Data points for xylene are the same as those used in Figure 4.10, although 
high-pressure data are omitted here. 
The rejection in n-heptane appears to tend toward a limiting value with increasing 
pressure, whereas the trend for cyclohexane and the xylene/n-heptane mixture increases 
but cannot be said to achieve an asymptotic value over the studied pressure range. 
Solute rejection in the n-heptane/xylene mixture with a solubility parameter of 16.8 
MPa0·5 is consistent with that in cyclohexane, confirming the result shown in Figure 4.9, 
and strengthens the hypothesis that the rejection of low-polarity solutes is primarily 
dependent on the degree of membrane swelling. Similar rejection-pressure relationships 
were obtained for Iron (III) Acetylacetonate in xylene and n-heptane (Figure 4.12), with 
the rejection in xylene higher than that in n-heptane. 
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Figure 4.12- Rejection of 20 ppm Iron (Ill) Acetylacetonate in xylene and n-heptane 
solvents plotted against pressure. 
Asymptotic rejection-pressure relationships were also found for several other PNA 
solute compounds, and are shown in Appendix 4.5. 
It was suggested in Chapter 3 that upon swelling, the polymer network in PDMS 
expands to such an extent that hydraulic permeation can occur through the increased 
free volume in between the polymer chains. The order in which the solute rejection 
appears in Figures 4.11 and 4.12 supports this hypothesis; the greatest swelling solvent, 
n-heptane, expands the polymer chains the most and hence results in the largest spacing 
between polymer chains which in turn results in the lowest solute rejection. The least-
swelling solvent, xylene, induces the smallest spacing between polymer chains and 
hence yields the highest rejection. Cyclohexane and the xylene/n-heptane mixture swell 
the membrane to a similar and intermediate degree (based on their value of b) and yield 
a solute rejection in between that of xylene and n-heptane. 
It must be noted that that the solvent/solute systems under investigation were of low 
polarity (as is the PDMS membrane), so it can be inferred that the results shown in 
Figures 4.11 and 4.12 are caused predominantly by the physical characteristics of the 
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solute and the swelling effect of the solvent rather than any physio-chemical interactions 
between solute and solvent or solute and membrane. 
4.4.3 Effect of Concentration 
The rejection of 9,10 Diphenylanthracene was studied in xylene at concentrations of 
10 - 75 ppm. Although the concentration range can be considered as low, these 
concentrations are well above the realistic levels that can be found in commercial 
gasoline fuels. The rejection obtained with mixtures of varying PNA concentration are 
shown in Figure 4.13. 
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Figure 4.13 - Rejection of 9,10 Diphenylanthracene in xylene at different 
concentrations. 
The rejection of 9,10 Diphenylanthracene appears to be largely independent of 
concentration over the range studied. It is thought that solute concentrations in the ppm 
range are not sufficient to influence the swelling effect of the solvent, and hence the 
rejection remains unchanged. Scarpello et al. [73] found that increased solute 
concentrations resulted in an increase in rejection and a decline in the overall flux, and 
attributed this to surface fouling and osmotic pressure effects. Similar observations were 
also made by Whu et al. [104], which contradict the data obtained here. 
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At concentrations of 10 - 75 ppm of 9,10 Diphenylanthracene the xylene permeability 
remained constant as shown in Figure 4.14. 
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Figure 4.14- Xylene permeability with the concentration of 9, I 0 Diphenylanthracene. 
Like the solute rejection, the inference is that solvent flux is independent of solute 
concentration in the studied concentration range. It is thought that the difference 
between this data and the observations of other workers [73,104] arises from the very 
low concentrations of solute utilised here. Higher solute concentrations may result in 
osmotic pressures significant enough to affect the total flux, and hence reduce the 
permeability with increasing solute concentration. Alternatively, high solute 
concentrations may result in the blocking of sites for solvent transport (similar to 
fouling in l\1F and UP systems) as suggested by Whu et al. [104]. A further reason, not 
apparently suggested in literature, is that an increased concentration of solute may 
reduce the swelling capability of the solvent and hence reduce the solvent permeability 
(it was identified in Chapter 3 that swelling and viscosity were the main factors 
affecting solvent flux) and improve solute rejection. 
In reality, a decline in solvent flux is likely to result from a combination of these three 
mechanisms, and perhaps several others which have not been identified. However, the 
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concentration of PNA in xylene is representative of (if not slightly higher than) the 
concentrations of such species in gasoline fuels, so it is considered unlikely that the 
filtration of fuels will be affected by this phenomenon. 
4.4.4 Variation between batches 
The data obtained at different pressures, crossflow rates and solute concentrations 
(Figures 4.8 - 4.14) were obtained with a single sample of membrane (Sample 4.1). 
Before a comparison is made with different solutes and membranes with different 
degrees of crosslinking it is imperative that the variation in rejection between different 
samples of the same membrane is investigated. The rejection of 9,10 
Diphenylanthracene in xylene was measured using 8 samples of the standard 2 J,tm 
PDMS membrane (Samples 4.1 - 4.8). Differences in both xylene flux and solute 
rejection were recorded'. Figure 4.15 shows the solute rejection as a function of 
pressure for each of the membrane samples. 
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Figure 4.15- Rejection of9,10 Diphenylanthracene in xylene plotted against pressure 
for 8 samples of 2 f.ltn PDMS membrane. 'Sample 4.1' was that used to obtain the data 
< 
shown in Sections 4.4.1 - 4.4.3. 
' This phenomenon is discussed in more detail in Section 4.4.7 
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Of the 8 samples studied, the rejection of 9,10 Diphenylanthracene was largely 
consistent for 6 PDMS samples. Two samples exhibited solute rejections around 50% 
higher than the average of the remaining 6 samples, and this rejection is consistently 
higher across the range of pressures studied. Samples 4.7 & 4.8 were taken from a 
different batch of membranes from GKSS, although the measured nitrogen permeability 
and manufacturer-quoted 02/N2 selectivity were very similar to those of samples 4.1 -
4.6. If the actual thickness of the PDMS layer of samples 4.7 & 4.8 was different from 
the quoted 2 f.i.m then the nitrogen permeability would vary. Since this was not the case 
it is thought that samples 4.7 & 4.8 were subjected to different degrees of crosslinking 
during the manufacturing process, a factor which has been reported to have a negligible 
effect on the gas permeability of radiation-crosslinked membranes [84]. A more 
thorough discussion of this hypothesis, in particular the relationship between flux and 
rejection for each sample is given in Section 4.4.7. 
Although there is some variation in the absolute values of solute rejection yielded by 
each sample, all 8 of the PDMS membranes in Figure 4.15 show the trend of a limiting 
solute rejection with increasing pressure. 
4.4.5 Effect of Solute Size 
The screening tests detailed in Appendix 4.1 suggest that the predominant solute 
rejection mechanism is one of size-exclusion, with Figure 4.2 showing a correlation 
between solute rejection and solute molecular weigh{ To further evaluate this 
phenomenon, extra PNA solute compounds were obtained with a range of molecular 
weights. A list of all the solute compounds studied, along with their structures, physical 
properties and details of the analytical methods used for determination of their 
concentrations are shown in Appendix 4.2. The rejections of 14 solute compounds were 
evaluated in xylene, with all solute concentrations less than 100 ppm and crossflow 
rates equivalent to Q{ip= 10 m. Complete rejection-pressure profiles were obtained for 
those solutes found to yield a rejection between 0 and 1 (i.e. similar to Iron (Ill) 
Acetylacetonate and 9,10 Diphenylanthracene) and these are shown in Appendix 4.5. 
1 This data was obtained well below the hydrodynamic threshold identified in Section 4.4.1 
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The dependence of rejection on the filtration pressure somewhat complicates the 
presentation of data for a range of solutes because the comparison of solute rejection 
should be made in a region where pressure has a limited influence. In order to compare 
the performance of a range of solutes based on their molecular weight the rejections 
used are the limiting rejections, i.e. those where changes in pressure no longer have a 
significant affect upon the measured solute rejection. A similar approach was used by 
Van der Bruggen et al. [77] in a study of models to describe the maximal solute 
rejection. The limiting rejections are obtained by extrapolating the rejection-pressure 
profiles for each solute, and the rejections obtained in this manner are shown in Figure 
4.16, where they are plotted against the molecular weight of the solute. 
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Figure 4.16- Limiting solute rejection in xylene (extrapolated) plotted against solute 
molecular weight. 
Although the data in Figure 4.16 is similar to that in Figure 4.2, the rejection of Rubrene 
is considerably lower than that expected given the trend obeyed by the rest of the solute 
compounds. In UF systems, molecular weights are sufficiently large (i.e. 1000-100,000 
g!mol) such that the solute size can be assumed to vary linearly with solute molecular 
weight [105]. In NF this is not the case as the solutes are much smaller, and steric 
factors are also likely to be prevalent. The structure of Rubrene is such that the weight 
of the molecule is compacted into a relatively small volume (see structure in Appendix 
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4.2), and hence it is desirable to consider the size and shape of the solute molecules 
rather than the solute molecular weight. 
The size of the molecules has been calculated using bond lengths and covalent radii and 
by resolving bond angles to a particular linear plane. An example of how such 
calculations are performed is shown in Appendix 4.6. There are several dimensions that 
could be used to describe the size of a particular solute; the maximum length of the 
molecule, the minimum length or the average length, and Appendix 4.6 details these 
parameters for each of the solute compounds studied. Figure 4.17 shows the limiting 
solute rejection plotted against the maximum solute length. 
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Figure 4.17- Limiting solute rejection in xylene plotted against the maximum length of 
solute. 
The rejection based on solute size appears to be a much better correlation than that 
based on molecular weight, with the data for Rubrene now aligning with that of the 
other solute compounds. From Figure 4.17, the membrane appears to have an abrupt 
cut-off point where rejection can go from 0 to 1, which occurs at solute sizes from 
1.0 - 1.5 nm. Despite the difficulties in assigning a realistic dimension to each solute, it 
appears that the primary solute rejection mechanism is one of size exclusion. Similar 
presentations of the data based on the average dimension of the solute and minimum 
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size of the solute molecule are shown in Appendix 4.7, where it can be clearly seen that 
the size exclusion mechanism is still evident. Also listed in Appendix 4. 7 are the 
rejections obtained for each solute compound. Such data supports the hypothesis 
introduced in Chapter 3; the gaps between the polymer chains are acting in a similar 
manner to pores in a UF membrane. With a xylene solvent, solutes below 1 nm in size 
appear to pass through the membrane at the same rate as the solvent (i.e. coupled flow) 
so no separation occurs. Molecules greater than 2 nm are rejected altogether, whereas 
solutes with sizes in between are partially rejected. 
Of particular interest is the rejection of Copper (11) Naphthenate, which has the largest 
molecular weight and the largest length dimension of any of the solutes studied and yet 
is still able to penetrate the membrane, albeit to a small extent. The structure of Copper 
(11) Naphthenate is depicted in Figure 4.18. 
3.52 nm 
Figure 4.18- Structure of Copper (II) Naphthenate (R denotes alkyl groups). Solute 
dimensions estimated based on the total molecular weight of the compound from 
manufacturers data. 
Although the organic copper compound is relatively large, the two ligand co-ordinations 
on the copper atom result in a linear molecule, whose width (0.92 nm) is considerably 
less than the 1.5 nm which appears to result in total rejection of solutes (from Figure 
4.17). In certain orientations, it is thought that the molecule is able to penetrate the 
membrane and hence its observed rejection is not 100% as would be implied by its 
maximum dimension. Of all the solute compounds studied, Copper Naphthenate is the 
only one which exhibits such an exaggerated difference between its maximum and 
minimum dimensions. 1-butanthiol is linear but is a very small molecule, whereas the 
PNAs are planar and are all approximately circular in shape so potentially are not prone 
to steric influences to the same degree as Copper Naphthenate. 
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The effect of solute size was also evaluated in an n-heptane solvent, albeit to a more 
limited extent than the experiments performed with xylene. The limiting solute rejection 
in n-heptane is shown in Figure 4.19, along with that for xylene. 
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Figure 4.19 - Limiting solute rejection plotted against maximum solute size: 
Experimental data for xylene and n-heptane solvents. Tabulated data shown in 
Appendix 4.7. 
The rejection of solutes in n-heptane are consistently lower than in xylene (except for 
those whose rejection is zero), which is consistent with the observations in Section 4.4.2 
where the limiting rejection was shown to be dependent on the degree of solvent-
induced swelling. The increased swelling caused by n-heptane is thought to expand the 
regions between the polymer chains such that a molecule of a specific size can penetrate 
to a greater extent than with xylene. 
4.4.6 Effect of Cross linking 
A different approach that allows the effect of swelling to be investigated is to vary the 
degree of crosslinking of the membrane material. Upon contact with the same solvent, 
membranes with a higher degre_e of crosslinking will swell less than those with a lower 
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degree of crosslinking due to the extra mechanical stiffness imparted by the covalent 
crosslinking bonds. Two sets of experiments were performed using xylene with 20 ppm 
9,10 Diphenylanthracene as the solute. The performance of Sample 4.1 was compared 
with Sample 4.11 from the University of Twente (crosslinking characterised by DMA as 
shown in Chapter 2), and three GKSS membranes subjected to different irradiation 
doses were also compared (Samples 4.12 - 4.12). The rejection of 9,10 
Diphenylanthracene in xylene obtained with the GKSS and Twente membranes is 
shown in Figure 4.20, along with the xylene permeance for each membrane, k, where: 
J = k!!.P 
s (4.7) 
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Figure 4.20 - Rejection of 9,10 Diphenylanthracene in xylene obtained with two 
different membranes. Permeance data also shown for each sample. 
At lower pressures there is little apparent difference in the performance of both 
membranes. Above 5 bar, the solute rejection obtained with the Twente membrane is 
higher than that with the GKSS membrane. The Twente PDMS membrane is more 
crosslinked than the GKSS PDMS as evidenced by the much lower permeance, and 
hence the solute rejection ought to be higher if the proposed hypothesis (from Chapter 
3) is correct. It is interesting therefore that a region of overlap appears to exist at lower 
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pressures. Section 4.5.4 explores this observation in more detail. No such overlap exists 
for the three membranes of varying irradiation doses as shown in Figure 4.21. 
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Figure 4.21 -Rejection of 9,10 Diphenylanthracene in xylene using three GKSS PDMS 
membranes with different irradiation doses. 1 kGy "' 1 kJ/kg. Permeance data also 
shown for each sample. 
The data obtained with the three irradiated membranes clearly shows that the highest 
rejection occurs with the more-crosslinked membrane (200 kGy) and the lowest 
rejection is obtained with the least-crosslinked (50 kGy). The xylene flux was highest 
with the 50 kGy membrane, consistent with the observations with the GKSS and 
Twente membranes (Figure 4.20) where the membrane with the higher degree of 
crosslinking exhibited the lowest flux. A more thorough discussion of the solvent flux 
and its relation to solute rejection is given in Section 4.4.7. 
The rejection of a number of additional solute compounds was determined using the 
Twente PDMS membrane. The limiting rejections (extrapolated) are shown in Figure 
4.22, along with those obtained with Sample 4.1. 
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Figure 4.22 - Solute rejection in a xylene solvent plotted against maximum solute 
length: Experimental data for the standard 2 J1m GKSS membrane (Sample 4.1) and the 
Twente membrane. Tabulated data shown in Appendix 4.7. 
The rejection of 9,10 Diphenylanthracene and Iron (ill) Acetylacetonate in xylene are 
consistently higher with the Twente membrane than the GKSS membraneg. Ferrocene 
and Pyrene were found not to separate from the xylene solvent with the Twente 
membrane, so the increased degree of crosslinking in this case only appears to affect 
solutes which yield an intermediate rejection. 
More generally, the data obtained suggest that the performance of a PDMS membrane 
can be tailored to a specific application by varying the degree of crosslinking as shown 
conceptually in Figure 4.23. By crosslinking the membrane to a higher degree it may be 
possible to target somewhat smaller solute compounds. With less crosslinking, larger 
compounds can be separated with a higher flux relative to the standard membrane. The 
degree of crosslinking of the PDMS samples used in this study is such that the overall 
separation performance of the membrane does not change to the extent shown in Figure 
4.23. Nonetheless there is potential to change the effective pore size of the membrane 
by variations in crosslinking, and future work could identify the potential limits of the 
upper and lower curves shown in Figure 4.23. 
' Although there is some error in the absolute values of the limiting rejection for the Twente membrane, 
any extrapolated values are higher than those obtained with the GKSS membrane. 
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Figure 4.23 - Conceptual effect of cross/inking on the overall perfonnance of the 
membrane. Solid line represents Sample 4.1. 
4.4.7 Flux/Selectivity Relationship and Membrane Thickness 
Figure 4.15 showed the variation in the rejection of 9,10 Diphenylanthracene in xylene 
with 8 different samples of PDMS, all of which were of a nominal 2 !!ID thickness and 
equivalent nominal crosslinking density. The xylene flux also varied between each of 
the 8 samples, which was not reported in Section 4.4.4. Further samples which also 
showed different fluxes and rejections were the membranes with different degrees of 
crosslinking, and membrane samples whose PDMS layers had different nominal 
thickness (i.e. 1, 2 and 10 f.1ID). Appendix 4.8 shows the rejection pressure relationships 
(9,10 Diphenylanthracene in xylene) for the 1 !!ID and 10 !!ID PDMS samples, however 
their comparison with the rejection obtained with the 2 !!ID membrane is somewhat 
complicated due to the variability between different samples shown in Figure 4.15. In 
order to evaluate the effect of membrane thickness it is imperative that each sample has 
been subjected to an identical irradiation dose, i.e. each sample exhibits the same degree 
of crosslinking. It is known that the penetration of the electron-beam into the PDMS 
sample is dependent on the sample thickness, i.e. the crosslinking density is higher at 
the surface than throughout the depth of the sample [106]. It is unrealistic to assume that 
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the 1, 2 and 10 f.lm PDMS membranes have identical degrees of crosslinking, and hence 
a comparison of the solute rejection obtained with each sample has not been made with 
respect to the membrane thickness. 
The xylene flux varied with each sample of different thickness, as one would intuitively 
expect given that the thickness of the PDMS layer contributes to the overall transport 
resistance. In order to include the variable-thickness membranes in a correlation with 
the 2 f.lm PDMS samples, the xylene permeance, k, was used as a correlation parameter 
rather than the measured flux, where: 
k = Jx 
M' 
(4.8) 
The measured fluxes are therefore rationalised with the .ill:y thickness of the PDMS 
layer". Figure 4.24 shows the limiting rejection of 9,10 Diphenylanthracene in xylene 
plotted against the xylene permeance for the 8 samples of 2 f.lm PDMS; the 4 samples 
with different degrees of crosslinking and the samples of different thickness. 
Despite some inevitable scatter in the data, it is apparent that a relationship exists 
between the membrane permeance and solute rejection. The most crosslinked 
membrane (suspected to be the Twente PDMS) exhibits the lowest xylene permeance 
and showed the highest solute rejection. The membrane with the lowest (nominal) 
degree of crosslinking was that subject to an irradiation dose of 50 kGy, however this 
sample did not show the highest permeance. The membrane exhibiting the highest 
permeance also gave the lowest solute rejection, and it is suspected that this membrane 
was crosslinked to a lesser degree than the 50 kGy sample. The apparent relationship 
between all samples suggests that limiting solute rejection is independent of the 
membrane thickness, but is predominantly governed by the degree of crosslinking (i.e. 
swelling). 
• Chapter 3 showed that the solvent permeability did not appear to vary with the swollen thickness of the 
membrane, but instead was determined by the dry thickness of the PDMS layer. 
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Figure 4.24- Limiting rejection of 9,10 Diphenylanthracene plotted against the xylene 
permeance for each sample of PDMS. A tabulated version of this data is shown in 
Appendix4.9. 
In Figure 4.24 the permeance varies by a factor of 3 - 4, whereas the solute rejection 
varies by 0.3 - 0.4 over the range of samples studied. The inference is therefore that the 
degree of crosslinking has a greater effect on the solvent permeance rather than the 
solute rejection. In practical terms, reduced crosslinking may prove an effective method 
of improving the membrane permeance with a small compromise in solute rejection. 
It is thought that the membrane with the highest degree of crosslinking swells the least 
upon contact with xylene, and therefore the regions in between the polymer chains 
where permeation takes place are smallest. Likewise, the least crosslinked membrane 
swells the most and results in larger regions between polymer chains. The swollen 
membrane appears to act in a similar manner to a porous membrane, with the regions 
between polymer chains representing the poresi. Thus, the most crosslinked membrane 
exhibits the lowest effective pore size and hence the lowest flux and highest solute 
rejection. The least crosslinked sample has the largest effective pore size and therefore 
the highest flux and lowest solute rejection. 
' The above analogy should be interpreted with caution. It is not supposed that the swollen membrane 
exhibits well defined pores, rather that the permeability and solute rejection data are characteristic of 
those which are obtained with porous membranes. 
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A further consequence of the flux/selectivity relationship is that it can be used as a 
screening or verification tool in assessing the potential membrane performance. The 
nitrogen permeance was shown to be constant for each of the 14 samples (Chapter 2) 
and hence this characterisation technique is unable to predict the flux or separation 
performance of PDMS. A simple xylene flux measurement, in place of nitrogen 
permeance, will verify the integrity of the PDMS layer and predict the separation 
potential of the membrane sample. 
The experimental evidence presented thus far is consistent with the hypothesis proposed 
in Chapter 3, with perhaps the most conclusive data shown in Figure 4.17 where the 
solute rejection is predominantly dependent on the size and shape of the solute 
molecules. In order to further the understanding of the potential rejection mechanisms a 
number of transport models have been applied to a range of experimental data, which is 
discussed in Section 4.5. 
4.5 MODELLING 
Experimental data has been obtained with 14 different samples of PDMS, which results 
in 14 unique rejection-pressure relationships. This section assesses the applicability of 
various transport models by correlating the predicted rejection-pressure relationships 
with those obtained experimentally. The correlations shown here are those which are 
representative of the 14 membrane samples; the complete data sets are shown in 
Appendix 4.10- 4.13. 
4.5.1 Solution-Diffusion Model 
The SD model was found to describe the experimental solvent flux data reported in 
Chapter 3, and this section assesses the applicability of the model to solute transport. 
The general equation for the flux of species i is given by: 
(4.9) 
107 
Chapter 4 - Binary Solute Rejection 
where D is the diffusion coefficient, K the partition coefficient, x the membrane 
thickness, v the molar volume, !li' the trans-membrane pressure, Ra the universal gas 
constant and T the temperature. For low concentrations of solute, the feed and permeate 
concentrations of solvent can be approximated as unity, therefore the solvent flux, ls, is 
given by: 
(4.10) 
The expression of the solute flux is complicated by the need for the solute molar 
volume. Since the solutes studied here are solid in their pure state, it is difficult to 
rationalise their molar volumes when dissolved in a solvent. Wijmans and Baker [107] 
suggest that in the case of solute transport the exponential term in Equation 4.10 can be 
approximated as 1. Using this approximation, the resulting expression for solute flux, J;, 
is given by: 
DK.( ) J, =-'-' Cw -Cw (4.11) 
X 
Assuming constant values of D1 and K1, Equation 4.11 shows that solute transport is 
independent of pressure, and results from a concentration gradient alone. At equilibrium 
the permeate concentration of solute, C;p, can be expressed as a function of the 
individual component fluxes: 
J, (4.12) 
J, +1, 
In the case where the solute concentration is very low, 11 + J, z J, and hence: 
c = !.J_ 
iP j 
' 
(4.13) 
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Substituting the expressions for J; and J, from Equations 4.10 & 4.11 into Equation 4.13 
yields: 
(4.14) 
Dividing Equation 4.14 by CiF yields: 
(4.15) 
Since the Solute Rejection, R = 1- C,p , then Equation 4.15 can be re-written as: 
ciF 
(4.16) 
Rearranging in terms of solute rejection gives the final equation: 
(4.17) 
The values of DsKs can be obtained by fitting Equation 4.10 to the measured solvent 
flux data, since the presence of up to 75 ppm of 9,10 Diphenylanthracene does not 
impact upon the solvent flux as shown in Figure 4.14. Equation 4.17 therefore contains 
a single adjustable parameter, D;K;, which can be used to correlate the SD model with 
experimental solute rejection data. 
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Given that solute rejection has been shown to achieve a finite limiting value with 
increasing pressure for a number of membrane samples, then the value of D;K; 
corresponding to this limiting rejection could also be used. If it is assumed that such 
trends continue to infinite pressure, then the limiting rejection occurs when M is 
infinite. In this case, the assumption made for solute transport that the exponential term 
in Equation 4.9 is equal to 1 is no longer valid; at infinite pressure the exponential term 
has a value of zero, and hence solute flux can be expressed as: 
(4.18) 
In terms of solute rejection, a combination of Equations 4.10, 4.13 and 4.18, along with 
the condition of infinite pressure gives Equation 4.19, using the same mathematical 
maj!ipulation as the previous case. 
R =1- D,K, 
- D,K, 
(4.19) 
Based on the maximum finite rejection extrapolated from experimental data, the values 
of D;K; can be calculated from Equation 4.19 as DsKs is also known. 
D;K; is therefore evaluated using two methods: a least-squares fit of the SD model to 
experimental data, and the boundary conditions of the model. Correlations between the 
SD model and the experimental rejection of Iron (Ill) Acetylacetonate and 9,10 
Diphenylanthracene in xylene are shown in Figures 4.25 and 4.26 respectively. 
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The SD model predicts an increasing solute rejection with increasing pressure, which is 
consistent with the experimental data. Adjusting D;K; using the least-squares method 
could not accurately describe the shape of the rejection-pressure profile of either solute, 
with the model predictions at higher pressures being above the limiting solute rejection. 
Using the boundary condition of infinite pressure to calculate D;K;, it can be clearly 
seen that the solute rejections predicted by the model are much lower than those 
obtained experimentally, yet this value of D;K; is the only value that will allow the 
model to correlate with the limiting rejection observed experimentally. Even 
considering that there may be some error in the limiting rejection obtained by 
extrapolation, it is clear that the rejections predicted by the SD model (infinite pressure 
method) will still be much lower than experimental solute rejections. 
The data shown in Figures 4.25 and 4.26 are representative of those obtained with the 
radiation crosslinked membranes, and the correlations for each sample are shown in 
Appendix 4.10. Of particular interest is the correlation between the SD model and the 
experimental data obtained with the Twente PDMS sample as shown in Figure 4.27. 
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Figure 4.27 - Rejection-pressure profile of 9,10 Diphenylanthracene in xylene: 
Experimental data (Sample 4.11) and the SD model. 
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The experimental rejection-pressure profile for the Twente membrane was found to be 
of a different shape to that observed with the GKSS membrane (Figure 4.20). The data 
appear to be consistent with the predictions of the SD model as shown in Figure 4.27; 
the model rejection and experimental data appear to correlate very well. Although the 
Twente membrane is manufactured using different techniques (phase-inversion and 
thermal crosslinking) it was shown to follow the same trend for all PDMS samples as 
shown in Figure 4.24, and so it is surprising that this membrane appears to obey the SD 
model whereas the GKSS membrane does not. A more thorough discussion of this topic 
is given in Section 4.5.5. 
Although the SD model fits the experimental data shown in Figure 4.27, this does not 
imply that the fundamental SD mechanism is necessarily correct. In Figure 4.22 it was 
shown that Pyrene and Ferrocene do not reject when permeating the Twente membrane, 
which is indicative of a hydraulic permeation mechanism rather than SD. Certain 
aspects of the experimental data favour a hydraulic permeation mechanism whilst others 
can be rationalised with SD, so it is perhaps no surprise that there is some confusion in 
literature as to which mechanism is predominant. 
4.5.2 Spiegler-Kedem Model 
The. Spiegler-Kedem (SK) model assumes both convective and diffusive solute 
transport through the membrane [90]. The resulting expression for solute rejection is: 
R=(1-F)D' 
1-D'F 
where: 
(
-J (1-0')) 
F =exp v Ps 
(4.20) 
(4.21) 
The SK model contains two adjustable parameters; the reflection coefficient (o) and the 
solute permeance (Ps). The model can be correlated with experimental data using a 
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least-squares approach, and a typical example of the correlations obtained is shown in 
Figure 4.28. Appendix 4.11 details correlations of the SK model with all available 
experimental data. 
Figure 4.28 - Rejection-pressure profile of 9, I 0 Diphenylanthracene in three solvents. 
Experimental data for Sample 4.1 (points) and Spiegler-Kedem model (solid lines). 
It is clear that the SK model provides a much better fit to the experimental data than the 
SD model, particularly for the GKSS membranes. The SK approach predicts an 
increasing solute rejection with increasing pressure but is also able to correlate with the 
limiting solute rejections observed experimentally. Table 4.2 shows the parameters used 
with the SK model to yield the rejection-pressure profiles in Figure 4.28. 
Solvent 
xylene 
cyclohexane 
n-heptane 
a 
0.53 
0.32 
0.20 
5.1 
6.0 
9.7 
Table 4.2- Reflection coefficient (a) and Solute Permeance (Ps) parameters for the 
Spiegler-Kedem model and data shown in Figure 4.28. 
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Although the SK model provides a very good fit to the experimental data it is difficult 
to interpret the physical significance of the model parameters. For this reason, similar 
models have been developed as interpretive tools to understand the experimental data. 
The two new models differ from the SK approach in the way the solute concentration 
within the membrane is expressed, and they assume an equilibrium condition. Termed 
the 'Pure-Diffusion' and the 'Convection-Diffusion' models, brief outlines of the 
models, along with their correlations with experimental data are outlined in subsequent 
sections. 
4.5.3 Pure-Diffusion Model 
It is assumed that the transport of solute and solvent are independent, i.e. the presence 
of a low concentration of solute does not cause the solvent permeation to deviate from 
the pure solvent flux. In Chapter 3 it was observed that solvent transport was most 
likely a result of a hydraulic mechanism, in which case the solvent flux, ls, can be given 
by: 
J =k!'J.P 
s X 
(4.22) 
Since the solute molecules are much larger than the solvent molecules it is assumed that 
they cannot permeate the membrane via a hydraulic mechanism due to hindrance by the 
polymer-chains. In this case the assumption is made that the solute transports via a 
diffusive mechanism alone (hence the term Pure-Diffusion). Initially, only the solvent is 
present in the permeate under the action of the trans-membrane pressure. This yields an 
activity gradient for the solute between feed and permeate, which results in diffusive 
transport. Diffusion is therefore a secondary mechanism which results from the 
hydraulic permeation of the solvent. The equilibrium condition means that the activities 
of solvent and solute in the feed and permeate liquid are equal to the activities at the 
membrane surface. A fundamental assumption of this model is that no separation occurs 
at the membrane surface due to the non-polar nature of solvent, solute and membrane; 
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in which case the activity coefficients of solvent and solute are equal at any given 
concentration, and are assumed to equal unity (i.e. an ideal solvent/solute mixture~. 
The solute flux, J;, is driven by the activity gradient resulting from the permeation of 
solvent: 
J. = D;(yiFCiF- y;pC;p) 
' 
(4.23) 
X 
At equilibrium the permeate concentration of solute, C;p, can be expressed in terms of 
the flux of each component of the mixture. At low concentrations of solute the total flux 
can be approximated to the pure solvent flux and hence: 
(4.24) 
Combining Equations 4.22-4.24 and rearranging in terms of solute rejection (shown in 
Appendix 4.12) yields: 
1 
R =----=--
1 D, +--
k!!.P 
(4.25) 
In the case of the rejection of 9,10 Diphenylanthracene, the solvent permeance is known 
from experimental flux measurements which means that the diffusion coefficient is the 
one and only adjustable parameter in this model. Using a least squares method to adjust 
D;, Figure 4.29 shows a comparison between the model and the experimental data. 
The rejection-pressure profiles predicted by the Pure-Diffusion model do not accurately 
describe the experimental data shown in Figure 4.29, and are very similar to those 
predicted by the SD model. Like the SD model, the best correlation was with the results 
obtained with the Twente membrane (shown in Appendix 4.12) which implies that 
i The absence of polar functional groups on the solvent or solute means that any deviations from ideal 
behaviour are likely to be small. 
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diffusive solute permeation may be predominant for this particular membrane sample. 
The Pure-Diffusion model, in all cases predicts a limiting rejection of 1.0 which is 
clearly in contradiction to the experimental data. 
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Figure 4.29- Rejection-pressure profiles for 20 ppm 9,10 Diphenylanthracene in three 
solvents. Experimental data (points) and the Pure-Difjitsion model (lines). 
4.5.4 Convection-Difjitsion Model 
If the structure of the membrane is considered to be porous\ solutes which are much 
smaller than the effective pore size will move through the membrane under convective 
flow. Under this condition no separation will occur. Larger solute molecules, i.e. those 
whose sizes are equivalent to that of the membrane pores, will move predominantly 
under a diffusive flow regime. A fundamental assumption here is that the swollen 
membrane does not possess pores which are all of the same size, the regions for 
transport within the swollen membrane are likely to have a significant size distribution. 
It is proposed that solutes such as 9,10 Diphenylanthracene and Iron (Ill) 
Acetylacetonate are of an intermediate size, whereby convective transport can take 
place through the larger membrane pores. The smaller pores hinder the convective flow 
of solute and hence the transport through these more confined regions can be considered 
'Porous referring to the regions within the swollen polymer matrix where transport takes place. 
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to take place by diffusion. A convection-diffusion model has been developed using this 
principle. 
The Convection-Diffusion (CD) model is based on convective and diffusive transport in 
a similar manner to the SK model, however the concentration of solute within the 
membrane is treated differently and it is assumed that the system operates at 
equilibrium. 
A certain fraction of the total solute transport takes place via convective flow, where no 
separation occurs from the solvent. This fraction is governed by the pore size 
distribution of the membrane material. The rest of the solute transports by diffusion, and 
is assumed not to hinder the hydraulic transport of the solvent. Upon initial permeation 
the permeate consists of the solvent and solute which have passed through the larger 
pores by convective flow, and pure solvent which has permeated hydraulically through 
the smaller pores. A solute concentration gradient therefore exists between feed and 
permeate, allowing diffusive transport of the remaining solute. As with the Pure-
Diffusion model, it is assumed that the liquid and membrane phases are in equilibrium, 
and that activity coefficients of solvent and solute are equal to unity. 
Solvent flux, 1, is viscous, and can be expressed as 
1 = ki:!.P 
s (4.26) 
X 
Solute flow, 1; is both convective and diffusive hence 
(4.27) 
where a is the fraction of solute undergoing convective flow. 
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Solute rejection, R = 1- C,P , but at low concentrations of solute, C;p can be expressed 
c,F 
J, .. 
as-, g1vmg: 
1, 
which upon dividing by ciF gives; 
1-R= (1-a)RD, +akM 
kM 
and subsequent rearrangement gives the end result 
R = --:'1:---'a':-::_ 
1+ (1-a)D, 
kM 
(4.28) 
(4.29) 
(4.30) 
As M~=, R~(1-a) which is a different result from the Pure-Diffusion model 
where R ~1. 
Figure 4.30 shows the experimental rejection of 9,10 Diphenylanthracene along with the 
rejections predicted by the convection-diffusion model. Table 4.3 shows the values of 
, the parameters used. A least-squares analysis was used to fit the model to the 
experimental data in order to determine the two parameters, a and D1• 
Solvent a D; 
x10' 11 m2/s 
xylene 0.42 0.8 
cyclohexane 0.66 1.1 
n-heptane 0.73 5.0 
Table 4.3- Parameters used in CD model from least-squares analysis. 
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Figure 4.30- Rejection-pressure profile of 20 ppm 9,10 Diphenylanthracene in three 
solvents: Experimental data (points) and convection-diffusion model (lines). 
Figure 4.30 shows the Convection-Diffusion model to fit the experimental data very 
well, which one would expect given the similarities between this model and the SK 
model. Only one set of values for a and D; are able to produce the curves shown in 
Figure 4.30. The fraction of convective flow determines the limiting solute rejection; 
when the pressure is sufficiently high the diffusive component of solute transport is 
negligible and hence the solute rejection is equal to (1 - a). At lower pressures the 
diffusive component is more dominant and results in the relatively steep slopes 
observed at pressures of 1 - 3 bar. The contribution of the diffusive component appears 
to be much larger with the Twente membrane as shown in Figure 4.31. 
Although the predicted diffusion coefficient for the Twente membrane is lower than that 
of the GKSS membrane (which implies a smaller contribution from diffusive transport) 
the fraction of convective flow is much lower, as is the solvent permeability. The 
diffusive solute transport is therefore significant relative to the convective flow, and 
potentially explains why the rejection-pressure relationship has not approached its 
limiting value over the pressure range studied. 
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Figure 4.31 - Rejection-pressure profiles for 20 ppm 9,10 Diphenylanthracene in 
xylene with GKSS and Twente membranes: Experimental data (points) and the 
Convection-Diffusion model (lines). 
The CD model provides a more comprehensive interpretive tool than the SK model due 
to the quantification of each component of solute transport. A greater swelling solvent 
expands the membrane structure such that more convective solute transport occurs 
(hence increasing a), and also results in a higher diffusion coefficient since the transport 
regions within the membrane are less-confined than with a poorer-swelling solvent. 
The model suggests that large solutes will be rejected by size-exclusion, or will 
transport via diffusive flow. In either case, the measured solute rejection is expected to 
be very high with the fraction of solute undergoing viscous flow "' 0. Similarly, small 
solutes will be expected to transport via viscous flow and hence undergo very little or 
no separation, with a "' I. 
It has been shown that a and D; appear to be dependent on the solvents in which the 
solutes are transported. Another factor affecting a and D; is the size and structure of the 
solute molecule. Table 4.4 shows the model values for all the mid-range solute 
compounds in xylene. 
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Solute Maximum Solute D; Length a 
nm x 10"11 m2/s 
Iron (Ill) Acetylacetonate 1.29 0.40 0.25 
9, I 0 Diphenylanthracene 1.27 0.42 0.80 
Rubrene 1.27 0.27 0.15 
Coronene 0.98 0.59 0.93 
Tetraphenylethylene 1.00 0.60 3.04 
Table 4.4 - Physical properties and Convection-Diffusion model parameters for solute 
compounds with dimensions of 1.0-1.5 nm. 
It appears that for smaller solutes ( -1 nm) the fraction of viscous flow and the diffusion 
coefficients are generally larger than for larger solutes ( -1.3 nm). Under the influence 
of the same degree of membrane swelling, the transport of larger solutes is likely to be 
hindered to a greater extent than smaller solutes and hence the fraction of convective 
flow and diffusion coefficients will be smaller. A definitive correlation is not possible 
however, due to the limited number of solutes that yield an intermediate rejection and 
the presence of steric factors. 
4.5.5 Summary of Transport Models 
Models which consider solute transport to take place via a combination of convection 
and diffusion can accurately predict the rejection-pressure relationships for all the 
membranes studied. Also included in this category of models is the Solution-Diffusion-
Imperfection model, which has not been quantitatively evaluated1• Only the 
experimental findings with the Twente membrane could be rationalised using models 
that consider solute transport to be entirely diffusive in nature. 
The membrane which exhibits the lowest degree of swelling (Twente) was found to 
exhibit predominantly diffusive transport of solute, whereas the better-swelling GKSS 
samples could be interpreted as if convective and diffusive transport of solute were both 
1 Nitrogen permeation experiments showed that no imperfections were present in the PDMS layer and 
hence the SDI model is assumed to be fundamentally inapplicable. 
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significant. The degree of fit of each model has been quantified using correlation 
coefficients (quoted in Appendix 4.10- 4.13). Coefficients for the SD and SK models 
are shown in Figure 4.32, plotted against the xylene permeability of each membrane. 
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Figure 4.32 - Correlation coefficient plotted against xylene permeance for each of the 
14 membrane samples and the Solution-DiffUsion and Spiegler-Kedem models. 
It is quantitatively shown that as the xylene permeance decreases (less swelling), the SD 
model is able to describe the experimental data whereas with higher degrees of swelling 
the correlation coefficient between the model and the experimental data is significantly 
lower. The statistical analysis was unable to quantify correlation coefficients below 0.5, 
which was the case for a the application of the SD model to a number of samples with a 
relatively high xylene permeance. The SK model yields a very high correlation 
coefficient(> 0.98) across the entire range of xylene permeance. 
Intuitively, as the effective pore size (resulting from solvent-induced swelling) becomes 
smaller the fraction of convective flow decreases and hence models which are based on 
diffusive solute transport (SD and Pure-Diffusion) are able to interpret the experimental 
data. With larger effective pore sizes the fraction of convective flow is greater and 
hence the diffusive models are no longer able to adequately describe the data. It is 
possible therefore that a transition region exists between Solution-Diffusion and Pore-
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Flow, which has been proposed by Wijmans and Baker [107], who suggest that a 
transitional region exists when the effective membrane pore size is of the order of 
0.5-1.0 nm. 
4.5.6 Measurement of Dijjitsion Coefficients 
Each of the transport models in Sections 4.5.1 -4.5.4 predict a diffusion coefficient for 
the solute within the PDMS material, which ranged from 6.0 x 10"12 to 1.1 x 10·10 m2/s. 
One method of evaluating the applicability of each model is to assess the predicted 
diffusion coefficient against a measured diffusion coefficient for that solute. 
Appendix 4.14 details the experimental procedure and results of diffusion coefficient 
measurements for a limited range of solvents and solutes. 
When permeating the membrane, viscous flow occurs through the PAN substrate as the 
permeate flows from the surface of the PDMS layer to the bulk permeate. When 
measuring the diffusion coefficients the solutes diffuse through the substrate since there 
is no pressure-induced permeation of solvent. It is shown in Appendix 4.14 that the 
diffusion coefficients through the PAN are comparable to those through PDMS. Despite 
the introduction of a resistance-in-series approach to rationalise the diffusion 
coefficients for each layer of the composite, the high transport resistance of the PAN 
means that an accurate diffusion coefficient for PDMS cannot be derived. However, the 
lower limit of the diffusion coefficient for PDMS is estimated as 2 x 10"12 m%, which 
encompasses all of the values predicted by the different models. 
4.5. 7 Evaluation of Effective Membrane Pore Size 
A number of models have been evaluated to determine the size and nature of the 
effective pores in PDMS. The Ferry [97] and Steric Hindrance Pore (SHP) [77] models 
assume uniform cylindrical pores of a specific size. A Normal-Distribution (ND) model 
is also proposed, which assumes that the effective pore sizes can be described by a 
normal distribution. All models predict the limiting solute rejection, a- or (1 - a), and 
hence do not consider the effects of diffusion. Diffusive transport was shown to 
influence the rejection behaviour at lower pressures, but to have a negligible effect on 
the limiting solute rejection. 
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The Ferry model describes the retention of a sphere through a membrane with uniform 
cylindrical pores, the reflection coefficient is described by: 
(4.31) 
where '7 is the ratio of solute size to pore size. 
The Steric-Hindrance-Pore (SHP) model also assumes a uniform pore size within the 
membrane. Solute molecules encounter a certain amount of sterical hindrance and 
interaction with the pore wall, so a molecule which is smaller than the pore diameter is 
partially retained. A molecule with the same size as the pore diameter is rejected 
completely. The reflection coefficient for the SHP model can be expressed as: 
(4.32) 
where Hp is a 'wall correction parameter' given by: 
(16) 2 HF =I+ 9 TJ (4.33) 
and Sp is a parameter representing sterical hindrance: 
(4.34) 
In both cases the models predict the limiting solute rejection for solutes of any given 
size, and can thus be correlated with the size-exclusion data (e.g. Figure 4.19) by using 
the pore size as an adjustable parameter as shown in Figure 4.33. 
125 
c 
0 
:g 
" 
0.8 
lo.s 
.!! 
" 0 
rJl 
Cl 0.4 
·= 
·e 
:::i 
0.2 
Chapter 4 -Binary Solute Rejection 
• 
• Experimental Data 
- -Ferry Model (dp = 2.4 nm) 
-SHP Model (dp = 2.0 nm) 
0.0~~--~-.~~----------~----------~----------~ 
0.0 1.0 2.0 3.0 4.0 
Maximum Solute Length (nm) 
Figure 4.33 - Limiting solute rejection in xylene plotted against maximum solute 
length: Experimental data (points) and the Ferry and SHP models (lines). 
Although both models predict similar pore sizes, neither are able to describe the 
rejection-size profile observed experimentally. Although it is recognised that there may 
be some degree of scatter in the experimental data due to the non-spheroid nature of the 
solute molecules, nonetheless the models cannot predict the non-rejection of solutes 
smaller than 1 nm in size. This may be due to the very small effective pore size, which 
may also impact upon the flow of the solvent as well as the solutem. Since the effective 
pores are not cylindrical and well-defined, it is unlikely that the 'wall effects' assumed 
in the SHP model will occur to the same extent in swollen PDMS, and may account for 
the inability of the model to define the rejection-size relationship. An altemati ve 
explanation is that the effective pores are non-uniform, and exhibit a size distribution 
rather than a constant pore size. 
Normal-Distribution Model 
If it is assumed that the effective pore size can be described using a normal-distribution, 
then the frequency of pores of a certain size, y, can be described by [108]: 
m The Ferry and SHP models were developed for UF systems, where the membrane pore size is orders of 
magnitude larger than the molecular dimensions of the sol vent. 
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(4.35) 
where rp is the pore radius, rp the average pore radius and Sp the standard deviation. If 
it is assumed that a molecule can permeate through every pore which is larger than the 
diameter of the molecule, then integration of Equation 4.35 yields the size-exclusion 
curve for the membrane. Specifically, the limiting rejection for a solute of any given 
radius, rs, is given by: 
(4.36) 
The ND model contains two adjustable parameters; namely the average pore size, rp, 
and the standard deviation, Sp. Numerical integration of Equation 4.36 gives the limiting 
solute rejection for a specific solute size as shown in Figure 4.34, along with the model 
parameters. 
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Figure 4.34 - Limiting solute rejection in xylene plotted against the maximum solute 
size: Experimental data (points) and the Normal Distribution model (line). 
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The ND model provides a much better fit to the experimental solute rejection data than 
either the Ferry or SHP models. In particular, the assumption of a size-exclusion 
mechanism with a pore size distribution appears to describe the non-rejection of smaller 
solutes, and the relatively steep transition from zero to total rejection. The pore size 
predicted by the ND model is approximately half of that predicted by the Ferry and SHP 
models, and also of note is that the size distribution appears to be very narrow, i.e. 
exhibits a relatively small standard deviation. d P corresponds to the solute size which 
yields 50% rejection, and hence determines the relative position of the curve in 
Figure 4.34. The slope of the curve is determined by Sp, with a lower gradient 
corresponding to a larger value of Sp. 
The ND model has not been applied to other solvents or membrane samples since there 
appears to be little change in the overall size exclusion profile (Figures 4.19 & 4.22). Of 
note however is that the average equivalent pore size of 1.2 nm predicted by the ND 
model is close to the transition region (0.5 - 1.0 nm) proposed by Wijmans and Baker 
[ 107]. The more-cross linked Twente membrane is expected to yield an average pore 
size lower than that of the GKSS membrane, and may therefore exist within this 
transitional region. This potentially explains why the Solution-Diffusion and Pure-
Diffusion models were found to apply to this membrane, as well as the hydraulic 
component models. 
4.6 SUMMARY & CONCLUSIONS 
The rejection of low-polarity organic solute compounds in organic solvents is dependent 
on the solute size, hydrodynamic conditions, operating pressure, swelling effect of the 
solvent and, to a degree, the membrane thickness. For xylene and n-heptane in 
particular, a hydrodynamic threshold exists, above which the solute rejection remains 
essentially constant with increasing crossflow rate. 
The degree of membrane swelling was found to be the predominant factor governing the 
maximal rejection of a particular solute. Good swelling solvents and membranes with a 
low crosslinking density yielded low solute rejections. Higher rejections were obtained 
with poorer-swelling solvents and membranes with a higher degree of crosslinking. The 
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observations are consistent with the hypothesis that an effective porous structure exists 
within swollen PDMS; increased swelling yields a larger effective pore size and hence 
lower rejections, and vice versa. Crosslinking was highlighted as a possible technique 
for altering the separation performance of PDMS, with a potential to target solute 
compounds of a specific size by varying the crosslinking density. 
A relationship was shown to exist between solvent permeability and solute rejection for 
all of the 14 membrane samples studied, which can be used as a screening tool in 
assessing the separation performance of PDMS rather than using nitrogen permeation 
techniques. 
The solute rejection obtained with all membrane samples was successfully described 
using the Spiegler-Kedem model and a newly developed Convection-Diffusion model. 
The Solution-Diffusion model and a Pure Diffusion model were only found to apply 
when the degree of swelling was low. It was shown that diffusive solute transport 
appears to be predominant for membranes with a high degree of crosslinking; 
convective transport becomes more dominant as the degree of crosslinking is reduced. 
The effective pore structure of the (xylene) swollen PDMS (Sample 4.1) was estimated 
as having an average equivalent pore diameter of 1.2 nm with a standard deviation of 
0.1 nm, using a Normal-Distribution model. Models which assumed a uniform pore 
structure were unable to predict the separation performance of the membrane. 
The work performed in this chapter has yielded several areas for future investigation: 
The supposed transition-region, where convective and solution-diffusion mechanisms 
overlap, can be investigated further by a range of techniques. The range of crosslinking 
densities of PDMS could be extended, in particular towards higher degrees of 
crosslinking. Alternatively, solvents of increasing polarity could be used which will 
induce less swelling of the PDMS an thus yield smaller effective pore sizes 
(modifications to the experimental apparatus are likely to be needed to operate at higher 
trans-membrane pressures). 
129 
Chapter 4 - Binary Solute Rejection 
The transport models presented in Section 4.5 predict the solute rejection based on, 
amongst other factors, a solute diffusion coefficient. Attempts to measure diffusion 
coefficients have so far been largely unsuccessful due to the high resistance to diffusive 
transport exerted by the substrate layer. Accurate measurements may be possible (albeit 
time-consuming) if a thicker sample of PDMS was utilised. With larger samples, the 
partition coefficients can also be measured experimentally which will assess whether 
any solvent/solute separation occurs upon sorption into the PDMS material. 
Specific to the applications for fuels, altering the crosslinking density may yield several 
new applications. Less crosslinking may allow applications for diesel and kerosene-
based fuels to be treated, which currently exhibit very low fluxes due to the low degree 
of swelling imparted by these liquids. Increasing the degree of crosslinking may result 
in a larger diffusive contribution to overall transport, and could potentially alter the 
base-composition of the gasoline fuel which would allow membrane technology to 
provide another basis by which fuels could be differentiated. 
4.7 NOMENCLATURE 
a Fraction of solute undergoing viscous flow 
c Average concentration of solute within membrane 
CF Feed concentration 
Cp Permeate concentration 
dp m Pore diameter 
dp m Average pore diameter 
D m2/s Diffusion coefficient 
HF Wall correction parameter 
J rnls Component flux 
k m2/s.bar Permeability coefficient 
K Partition coefficient (SD model) 
/'1P bar Trans-membrane pressure 
f'1PM bar Measured pressure 
1'1Po bar Pressure drop 
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Ps 
Q 
rp 
rs 
m 
m 
m 
Solute penneance 
Flow rate 
Pore radius 
Average pore radius 
Solute radius 
R Solute rejection 
Rro Maximal solute rejection 
RG m3.bar/mol.K Universal gas constant 
SF Sterical hindrance parameter 
m 
K 
X 
y 
Standard deviation of pore size distribution 
Temperature 
Membrane thickness 
Frequency of pores of a certain size 
Greek Letters 
!5 
r 
TJ 
jJ 
p 
V 
Subscripts 
f 
F 
i 
p 
s 
V 
Pa.s 
kg/m3 
Float 
Feed 
Solubility parameter 
Activity coefficient 
Solute size to pore size ratio 
Viscosity 
Density 
Reflection coefficient 
Molar volume 
Species i or Solute 
Permeate 
Solvent 
Total solution 
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5.1 INTRODUCTION 
In many countries oxygenates are used as components in fuel blends to improve the 
octane rating, the most common being alcohols and ethers. The alcohols used are 
methanol and ethanol, ethanol being tbe most widely used as it can be produced cheaply 
via the fermentation of organic materials. Alcohols are normally used at concentrations 
of 20- 25% by volume in fuel blends. Etbers are used at lower concentrations, typically 
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10 - 15%, the most common are Methyl-Tertiary Butyl Ether (MTBE) and Ethyl-
Tertiary Butyl Ether (ETBE). In this chapter, mixtures of polar/non-polar solvents are 
studied to mimic oxygenate-containing fuels. Multicomponent systems are also 
investigated, with solutes added to the polar/non-polar mixtures. 
5.1.1 Previous Studies 
Pure solvent flux experiments in Chapter 3 showed that pure methanol and ethanol 
fluxes were approximately two orders of magnitude lower than that of alkanes, which is 
thought to be due to the inability of the alcohols to swell the membrane. Preliminary 
experiments with an ethanol-containing fuel showed that the base fuel was 
preferentially transported over the alcohol, the rejection being around 20% [109]. It is 
clear therefore that the presence of the alkane and aromatic components in the fuel 
allow the alcohol to transport at a rate which is comparable to that of the alkane and 
aromatic components, and not two orders of magnitude lower as was observed for the 
pure substances. The inference from previous chapters is that the alkane and aromatic 
components in the base fuel mixture are able to swell the membrane sufficiently to 
allow alcohols to transport through. Given that the maximum dimension of an ethanol 
molecule (0.55 nm) is much less than the observed membrane cut-off of 1.0 - 1.5 nm 
determined in Chapter 4, the fact that any rejection occurs at all suggests that another 
mechanism is predominating rather than size-exclusion. 
5.1.2 Literature Review 
Very few industrial processes utilise mixtures of alkane/aromatic solvents and 
alcohols/ethers, and hence the filtration of such mixtures has received little attention. To 
the knowledge of the author, no previous NF work has been carried out using such 
mixtures, however a limited amount of work has been carried out using Pervaporation. 
Mandal and Pangarkar [110] found that toluene and benzene were preferentially 
transported over methanol in Pervaporation with a PDMS membrane, and attributed this 
to interactions upon sorption into the membrane•. They also found that selectivity was 
dependent on the alcohol concentration and that the methanol rejection depended on the 
' Similarly, hydrophilic membranes resulted in preferential transport of the alcohol rather than the 
aromatic component. 
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nature of the aromatic solvent. Liquid-membrane interactions were also found to govern 
pervaporative separations with other polymeric materials [111,112]. 
The equilibrium swelling of a solvent (1), solvent (2) and polymer (P) can be described 
using the Flory-Huggins theory for ternary mixtures [113]. The ternary expression 
involves two non-linear equations relating the activity of the solvent within the polymer 
to the volume fraction of each solvent within the swollen matrix, and can be represented 
by Equations 5.1 and 5.2: 
In a, =In~,+ (1-~J-( ~: }2 -( ~: }p + [{x,2~2 + x,p~pX~2 +~p)J 
- X2P ( ~: }2~P (5.1) 
lna2 = ln~2 + (1-~2)-( ~: }' -( ~; }P +[(xl2~,( ~: )+ Z2P~P }~~ +~p )] 
-z,P( ~:)MP (5.2) 
where a is the activity, ~the volume fraction within the swollen matrix, v the molar 
volume and z the interaction parameter. Equilibrium is reached when the activity of 
each component within the swollen polymer is equal to that in the liquid mixture, i.e. no 
driving force exists for sorption or desorptionb. 
The swelling equilibria of tertiary aromatic/alcohoi/PDMS system was studied by Favre 
et al. [114], who found that preferential sorption of the non-polar solvent occurred. 
They also reported that the Flory-Huggins ternary equations provided a good 
approximation to their experimental data, although the ethanol sorption isotherm was 
found to deviate somewhat from the theory. The sorption of pure alcohol solvents into 
PDMS was reported to be non-ideal [115,116], which potentially explains the deviations 
from Flory-Huggins behaviour. In general, the non-ideality of polar solvents is thought 
• A further discussion is given in Section 5.4.2, where a model has been applied to experimental data. 
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to arise from the formation of clusters when in the swollen polymer matrix [117], which 
is the formation of dimers and trimers through the coordination of OH groups. 
In addition to the equilibrium separations upon swelling, a further phenomenon which 
may occur is phase-separation. The miscibility of the two solvents may be affected 
when in a swollen polymer matrix, and hence two solvent phases can exist within the 
polymer [118,119]. This phenomenon is usually associated with polymer gels, i.e. those 
which absorb a very large quantity of solvent upon swelling [120], nonetheless it is 
possible that phase-separation may occur with the PDMS membranes utilised here. 
Once sorption has occurred, the mixture must transport through the depth of the 
membrane before desorbing into the bulk permeate liquid, where an equilibrium also 
exists with the permeate-side of the membrane. Other than Solution-Diffusion for the 
pervaporation of alcohol/aromatic mixtures [110], to the knowledge of the author there 
are no other reported mechanisms suggested in the literature for the permeation of such 
mixtures through PDMS. This chapter also presents newly-developed models for the 
permeation of polar/non-polar mixtures, and assesses their applicability to experimental 
data. 
5.2 EXPERIMENTAL 
Two groups of oxygenate compounds were studied; alcohols and ethers. Methanol, 
ethanol, n-propanol and i-propanol were chosen as an homologous series of alcohols 
and MTBE used as a representative ether. ETBE was also used, albeit to a more limited 
extent. The physical properties of each substance are shown in Appendix 5.1. The 
alcohols and ethers were studied as binary mixtures with xylene and n-heptane solvents 
in most cases, with cyclohexane also used for a small number of experiments. 
Of note in the following discussions is that the term 'solvent' refers to the non-
oxygenated component in the mixture. All concentrations are on a weight basis, unless 
stated otherwise. 
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The flux and separation of oxygenate-containing mixtures was determined using the 
crossflow apparatus described in Section 4.3. The flow rates and pressure drops were 
calculated using Equations 4.5 and 4.6, assuming a linear relationship between 
density/viscosity and mixture composition. The higher viscosities of ethanol and 
n-/i-propanol meant that the range of pressures and crossflow rates studied for these 
mixtures was less than for the single solvents detailed in Chapter 4. A consequence of 
the more limited experimental range was that a systematic study of the effect of 
crossflow rate could not be performed with the oxygenate-containing mixtures. The 
results presented in Chapter 4 suggest that a hydrodynamic threshold exists, above 
which the solute rejection remains constant with increasing crossflow rate (Figure 4.8). 
The viscosity of the oxygenate mixtures is such that the crossflow rate cannot 
correspond to the hydrodynamic threshold for all oxygenate concentrations. Instead, all 
experiments were performed at nominally identical hydrodynamic conditions 
corresponding to Qp/ f.J = 6.5 m, as this condition allowed the greatest flexibility in 
terms of the pressures and the range of compositions that could be studied. 
Multicomponent systems were also studied, with the rejections of 9,10 
Diphenylanthracene and Acenaphthene determined in solvent/oxygenate mixtures. PNA 
concentrations were measured using UV -vis spectroscopy; the addition of oxygenates 
had no effect on the measured absorbance other than that due to dilution. 
Oxygenates were studied at concentrations of 5 - 80% in non-polar solvents, the exact 
range being dependent on the viscosity-limitations of the crossflow apparatus. 
Oxygenate concentration was determined using a refractive index technique, which is 
described in more detail in Appendix 5.2 along with the calibrations for various 
solvent/oxygenate mixtures. 
Experiments were performed using 4 membrane samples in total, 3 GKSS 2 !liD 
membranes with the standard degree of crosslinking and one sample from the 
University of Twente, which is more crosslinked than any of the GKSS membranes as 
characterised by the xylene permeance and DMA analysis shown in Chapter 2. The 
repeatability, particularly with respect to the three nominally identical GKSS 
membranes, is discussed within the following sections. Table 5.1 lists the membranes 
used, along with the xylene permeance in each case 
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Sample Sample Xylene 
Description Designation Permeance 
xl o·'2 m2/s.bar 
GKSS 2J.lm Sample 5.1 1.74 
GKSS 2J.lm Sample5.2 2.81 
GKSS 2 J.lm Sample 5.3 2.56 
Twente 1.5 f..lm Sample 5.4 0.82 
Table 5.1- PDMS samples used to investigate oxygenate-containing mixtures. 
5.3 RESULTS AND DISCUSSION 
The appreciable oxygenate concentration relative to the solvent means that results can 
be expressed in terms of the flux of each individual component (or the total flux) and 
the rejection of the oxygenate. Rejection data can also be plotted as permeate 
concentration versus feed concentration in a similar manner to vapour-liquid 
equilibrium data (see Section 5.3.7). Similarly, the oxygenate concentration can be 
defined based on mass, volume or molar quantities. Since there are many potential 
interpretations for each set of experimental data, the results shown here are 
representative of the total data set obtained. Where relevant, results presented using 
different methods are shown in separate appendices. 
The following sections assess the effect of the operating parameters on the behaviour of 
solvent/oxygenate mixtures. The comparisons with the behaviour of non-polar mixtures 
are discussed, and the results rationalised using the physical properties of the mixture in 
some cases. A detailed discussion of the potential transport mechanisms is presented in 
Section 5.4. 
5.3.1 Ethers 
Neither of the ethers separated from the parent solvents under any of the operating 
conditions studied. MfBE was studied in xylene and n-heptane solvents at 
concentrations of 10 - 40% whereas ETBE was studied in a gasoline fuel at a 
concentration of 15% [109]. The Hildebrand solubility parameter, J, for MfBE is 
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18.2 MPa05, and 18.4 MPa05 for ETBE, which are similar to those for the non-
oxygenated solvents (15.3 - 18.2 MPa0·5). The ethers appear to behave in the same 
manner as the non-oxygenated solvents in that no separation of solvent mixtures was 
detected. It is thought that the polarity of the ethers (as defined by their respective 
values of 8) is not sufficient to induce a separation by the non-polar PDMS membrane. 
The maximum dimensions of the ethers (0.50 and 0.65 nm) are much smaller than the 
effective cut-off point of the swollen membrane (from Section 4.5.7), and hence no 
separation occurs due to size or polarity of the ethers. A further discussion of the effects 
of polarity is given in Section 5.3.4. 
5.3.2 Effect of Composition on the Degree of Swelling 
The swelling behaviour of PDMS was determined for solvent/alcohol mixtures using 
the technique described in [121]. The results are expressed as the swelling ratio, which 
is the volume of the swollen polymer relative to the volume of the dry polymer. Figure 
5.1 shows the swelling ratio for a range of solvent/alcohol mixtures and a GKSS 
membrane sample with a 10 ~tm PDMS layer. 
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Figure 5.1 - Swelling ratio plotted against alcohol concentration for xylene/alcohol 
mixture se. 
'Experiments performed by S.J. Smith and J.J.W. Na at Loughborough University. Experimental details 
can be found in [121]. 
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In general, addition of alcohols results in a decrease of the swelling ratio, although it is 
possible that the ratio is unaffected or even increased in some cases when the alcohol 
concentration is below 10%. Despite some scatter, for alcohol concentrations of 
20 - 80% the swelling ratio approximately follows the order of polarity of the alcohols; 
the least-polar of the four alcohols, i-propanol, exhibits the highest ratio whereas the 
most polar, methanol, shows the lowest. This is consistent with the hydrophobic nature 
of PDMS, with polar substances prone to greater interactions with the membrane 
material than non-polar substances. 
5.3.3 Effect of Pressure and Solvent-type 
The flux and rejection behaviour of 25% ethanol in n-heptane, xylene and cyclohexane 
was studied at various pressures. Methanol was also evaluated in xylene, although 
miscibility limitations prevented thorough studies in n-heptane or cyclohexane. 
Figure 5.2 shows the rejection of ethanol in each solvent, and Figure 5.3 compares the 
rejection of methanol and ethanol in xylene. 
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Figure 5.2 - Ethanol rejection plotted against pressure for mixtures of 25% ethanol in 
n-heptane, cyclohexane and xylene obtained with Sample 5.1. Dashed lines highlight 
non-zero intercepts. 
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Figure 5.3 - Alcohol rejection plotted against pressure for 25% methanol and ethanol 
mixed with a xylene solvent obtained with Sample 5.1. Dashed lines highlight non-zero 
intercepts. 
The rejection-pressure relationships appear to be linear in each case over the range of 
pressures studiedd. In all cases, extrapolation of the rejection-pressure profiles yields 
positive intercepts on the y-axis. Although the range of experimental data are not 
sufficient so as to determine the rejection behaviour at lower pressures, the 
extrapolations were performed to highlight the non-zero intercepts of the observed 
linear section of the rejection-pressure relationships. Figure 5.2 shows that ethanol 
rejection is dependent on the solvent with which the alcohol is mixed. Interestingly, the 
order in which the rejection data appear in Figure 5.2 is the opposite to that in 
Figure 4.10 for non-polar solutes. In this case the highest rejection occurred in 
n-heptane, which yielded the lowest rejection of 9,10 Diphenylanthracene compared 
with cyclohexane and xylene. For non-polar solutes, the swelling-effect of the solvent 
was highlighted as being the major contributing factor governing the solute rejection, 
the degree of swelling impacting on the effective pore size of the swollen membrane. 
The rejection of alcohols does not appear to be entirely governed by the same principle 
as other properties of the solvents appear to affect alcohol transport. It is thought that 
d The relatively large degree of scatter for n-heptane!ethanol is due to low resolution of the refractive 
index analytical technique for this particular mixture (Appendix 5.2). 
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the solvent/alcohol/membrane swelling equilibrium potentially explains the observed 
rejections in different solvents, which is discussed in Section 5.4.4. 
Linear rejection-pressure relationships with positive intercepts were also observed for 
methanol/xylene mixtures (Figure 5.3). In this case, the rejection of methanol was much 
higher than ethanol in the same solvent, which is discussed in more detail in Sections 
5.3.4 & 5.4.4. Investigation of the individual component fluxes with pressure yielded 
some interesting findings as shown in Figure 5.4. 
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Figure 5.4 - Solvent flux plotted against pressure for 25% ethanol in three solvents 
obtained with Sample 5.1. Dashed lines highlight non-zero intercepts. 
The flux-pressure relationships for each solvent appear to be linear over the studied 
pressure range, however there are significant intercepts on the x-axis. Similar intercepts 
were observed with the alcohol flux-pressure relationships, which are shown in 
Appendix 5.3, although it is difficult to interpret whether these profiles are linear. The 
x-intercepts are characteristic of osmotic pressures, which Gibbins et al. [122] and 
Peeva et al. [123] have also suggested for solvent/solute systems. The x-intercepts were 
not previously observed when low concentrations of non-polar solutes were studied 
(Chapter 4), however the alcohol concentrations are over 4 orders of magnitude higher. 
For similar concentrations of organic-oils in a hexane solvent, Stafie et al. [124] 
144 
Chapter 5 - Alcohols & Et hers 
reported x-intercepts of 1 - 3 bar (which correspond well to those shown in Figure 5.4) 
for hexane flux-pressure relationships obtained with PDMS, and rationalised these 
intercepts with osmotic pressures calculated using the Van't Hoff equation. The latter is 
investigated in Section 5.3.4. 
5.3.4 Effects of Alcohol Concentration and Polarity 
The rejections of methanol, ethanol, n-propanol and i-propanol were evaluated in a 
xylene solvent at concentrations of 5 - 75% and a constant pressure of 5 bar. The high 
viscosity of both propanols prevented studies at concentrations in excess of 25%. 
Figure 5.5 shows the rejection of the four alcohols with respect to their concentration. 
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Figure 5.5 - Alcohol rejection plotted against alcohol concentration for methanol, 
ethanol, n-propanol and i-propanol in a xylene solvent at a trans-membrane pressure of 
5 bar. Data obtained using Samples 5.1, 5.2 and 5.3. 
The rejection of alcohols is a highly non-linear function of alcohol concentration, with 
bell-shaped rejection-concentration profiles evident for methanol and ethanol. A similar 
rejection profile was obtained for ethanol in n-heptane, which is shown in 
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Appendix 5.4. The order in which the alcohol rejection appears in Figure 5.5 is 
consistent with the polarity of the alcohol, as defined by the solubility parameter. The 
most polar of the alcohols, methanol, exhibits the highest rejection whereas the least 
polar, i-propanol, shows the lowest rejection. In terms of the solubility parameter, a 
greater difference between the value of Softhe alcohol and that ofPDMS (15.5 MPa0·5) 
leads to a greater rejection. Non-polar solvents (alkanes and aromatics) and 
MTBFJETBE exhibit values of &between 14.5 and 18.5 MPa0·5, and mixtures of these 
solvents do not separate when permeating through PDMS. It is postulated that 
interactions between the solvent/alcohol mixture and the PDMS membrane can account 
for the order in which the alcohol rejection appears in Figure 5.5, and also the bell-
shaped rejection-pressure profiles. A more thorough discussion of 
alcohol/solvent/membrane equilibria is given in Section 5.4.4. 
The rejection-concentration profiles shown in Figure 5.5 were obtained with a number 
of PDMS membrane samples. Despite some scatter, the rejection-concentration data 
obtained with each sample are blended together without manipulation to yield the 
profiles shown in Figure 5.5. An example of this is shown in Figure 5.6 for 
xylene/ethanol mixtures and two membrane samples, whilst Appendix 5.5 details the 
rejection-concentration profiles for remaining solvent/alcohol mixtures and membrane 
samples. 
Although the alcohol rejections appear to be consistent between different membrane 
samples, the fluxes were not. The fluxes obtained with Sample 5.1 were consistently 
lower than with Sample 5.2, in accordance with the xylene permeance of each sample 
(Table 5.1). A further discussion of this phenomenon is given in Section 5.3.5, whilst 
Appendix 5.5 shows the flux-concentration relationships for each membrane sample. 
The measured flux can be interpreted as a flux of each component in the mixture based 
on the concentration of each species in the permeate. An example of the flux behaviour 
of each component with respect to alcohol concentration is shown in Figures 5.7 and 
5.8. 
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Figure 5.6- Ethanol rejection plotted against ethanol concentration for xylene/ethanol 
mixtures and two membrane samples. 
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Figure 5. 7 - Alcohol flux plotted against alcohol concentration for xylene/alcohol 
mixtures. Experiments performed using Sample 5.1. 
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Figure 5.8 - Xylene flux plotted against alcohol concentration for xylene/alcohol 
mixtures. Experiments performed using Sample 5.1. 
Increasing alcohol concentration up to 25% resulted in improved alcohol flux. At 
alcohol concentrations of -25% there appears to be a defined change in the flux-
concentration relationship for methanol and ethanol, where the gradient decreases 
markedly. The solvent flux appears to decrease in a linear fashion with increasing 
alcohol concentration (Figure 5.8), and of note is that the solvent flux is very similar 
despite being mixed with different alcohols. 
The flux-concentration behaviour can potentially be rationalised using several methods. 
The feed concentration of each substance can be taken into account to adjust their 
fluxes, since the increased abundance of a particular component is likely to enhance its 
flux. Concentration-rationalised fluxes (based on feed concentration) for xylene/ethanol 
mixtures are shown in Figure 5_9, 
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Figure 5.9 - Component flux/concentration ratio plotted against alcohol concentration 
for xylene/ethanol mixtures. Data obtained with Sample 5.1. 
Despite the consideration of the effect of concentration on flux, the profiles for both 
alcohol and solvent decrease with increasing alcohol concentration. There are two likely 
causes for the decreasing flux-concentration profiles; viscosity characteristics of the 
mixture and swelling effects. Qualitatively, as more ethanol is added the viscosity of the 
mixture increases which may result in a lower flux. Although one may intuitively 
attempt to rationalise the results with viscosity, it is unclear which viscosity should be 
used unless the permeation mechanism is identified<. As for the swelling, addition of 
alcohol reduces the degree of swelling of PDMS (Figure 5.1) and hence reduces the 
observed fluxes of each component. 
The flux-pressure relationships shown in Figure 5.3 revealed x-intercepts, which 
potentially result from osmotic pressure effects due to the relatively high alcohol 
concentrations. Figure 5.10 shows flux-pressure relationships for a range of alcohol 
concentrations. 
' The unknown mixture composition within the membrane and the potential for diffusive transport 
somewhat complicates the application of the viscosity in this case. 
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Figure 5.10- Xylene flux-pressure relationships for xylene/ethanol mixtures obtained 
with Sample 5.1. Legend denotes the fraction of ethanol in the mixture. 
The general trend shown in Figure 5.10 is that the x-intercept increases with increasing 
ethanol concentration. This is in agreement with the data of Stafie et al. [124], who 
found that the x-intercept increased with the concentration of oil in hexane, and 
rationalised their findings using the Van't Hoff equation: 
(5.3) 
where !:!.,. is the osmotic pressure, Ra is the universal gas constant, T the absolute 
temperature, l:!.C; the concentration difference between feed and permeate and V; the 
molar volume. The application of Equation 5.3 is somewhat complicated in this case 
due to the change in rejection with pressure, i.e. variable l:!.C;. As an indicative guide, 
using values of l:!.C; at a pressure of 5 bar yields osmotic pressures which are an order of 
magnitude higher than the observed x-intercepts, which implies that the intercepts are 
not the result of osmotic pressures as defined by the Van't Hoff equation. It must be 
noted however that the Van't Hoff equation is applicable only for ideal mixtures [125], 
and may have limited validity for the solvent/alcohol systems studied here. An 
alternative explanation for the existence of x-intercepts is given in Section 5.4. 
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5.3.5 Effect of Cross/inking 
The effect of crosslinking was assessed by performing experiments using the Twente 
membrane (Sample 5.4) which mimic the same conditions as those used to produce the 
data shown in Figures 5.2 - 5.9. The fluxes of the solvent/alcohol mixtures through the 
Twente membrane were much lower than those observed with the GKSS membrane, 
consistent with the xylene permeance of each sample. The flux-concentration 
relationships for solvent/alcohol mixtures with the Twente membrane are shown in 
Appendix 5.6. Representative results of alcohol rejection obtained with the two 
membrane samples are shown in Figure 5.11 for xylene/methanol. Appendix 5.7 shows 
the results for other solvent/alcohol mixtures. 
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Figure 5.11 - Methanol rejection plotted against methanol concentration for 
xylene/methanol mixtures obtained with Sample 5.1 (GKSS) and Sample 5.4 (Twente). 
The methanol rejection obtained with both membrane samples is very similar, with the 
peaks in rejection occurring at the same alcohol concentration. There may be some 
difference in the rejection profiles at lower concentrations, however Figure 5.11 and the 
data shown in Appendix 5.7 show that, in general terms, the degree of crosslinking has 
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little impact on alcohol rejection despite effecting the flux of each component This is 
consistent with the data obtained with different membrane samples (Figure 5.6). For the 
rejections to remain largely unchanged, the flux of each component must therefore be 
effected to an equivalent extent (proportionally). Furthermore, since the degree of 
swelling obtained with both samples is quite different (characterised by the degree of 
crosslinking in Chapter 2), the data suggest that the absolute degree of swelling has a 
limited impact on alcohol rejection with the range of membranes studied. 
5.3.6 Multicomponent Mixtures 
The effect of oxygenates on the rejection of non-polar solvents was investigated by 
systematically adding oxygenate components to a non-polar solvent/solute mixture. A 
matrix of experiments was performed for a range of pressures and oxygenate 
concentrations. The effect of oxygenate polarity and concentration on the rejection of 
9,10 Diphenylanthracene is shown in Figure 5.12. 
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Figure 5.12 - Rejection of 9,10 Diphenylanthracene plotted against oxygenate 
concentration for multicomponent xylene/solute/oxygenate mixtures. Trans-membrane 
pressure of 5 bar using PDMS Sample 5.3. 
1 Little impact with membranes whose xylene permeance range from 8.0 xi0-13 - 2.8 xi0-12 m2/s.bar 
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The addition of alcohols causes a decline in the PNA rejection, which is the opposite of 
what was expected based on the observations in Chapter 4. Such additions have been 
shown to reduce the degree of membrane swelling (Figure 5.1), which have resulted in 
an increase in solute rejection for non-polar solvent/solute mixtures. The solute 
rejection in mixtures of greater than 50% ethanol potentially obey this trend, however 
no other experimental data were obtained whereby the solute rejection increased with 
increasing alcohol concentration. 
Interestingly, the decrease in PNA rejection corresponds to the polarity of the 
oxygenate. The non-polar MTBE has no observable effect on PNA rejection whereas 
the most polar oxygenate, methanol, causes a dramatic decline in the rejection, inducing 
an antagonistic effect (negative rejection) with greater than 30% methanolg. Also of 
note was that the addition of the PNA had no observable effect on the alcohol rejection. 
Decreased or negative solute rejections in multicomponent systems may potentially be 
rationalised by Donan-effects if the liquid is an electrolyte [126]. This approach was 
used by Gilron et al. [127] to interpret their experimentally-determined negative salt 
rejections with nanofiltration membranes. However, the multicomponent systems used 
here cannot be considered as electrolytes, and as such no anions or cations are present to 
be influenced by the electrostatic forces which are characteristic of Donan-effects. 
It is possible that the multicomponent solute rejections are due to the separation of the 
base solvent/oxygenate mixture. If it is assumed that the PNA is soluble only in the 
xylene elements of the mixture, then any rejection of the oxygenate will intuitively 
effect the PNA concentration in the permeate. The oxygenate which does not separate 
from the mixture, MTBE, does not induce any appreciable change in the solute 
rejection. Figure 5.13 shows the solute rejection adjusted for the partial separation of the 
oxygenate (method shown in Appendix 5.8). 
8 The negative solute rejection was verified by performing a solute mass balance. In this particular case 
the solute concentration in the retentate was lower than the initial feed concentration. 
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Figure 5.13 - Adjusted rejection of 9,10 Diphenylanthracene (based on oxygenate 
rejection) plotted against oxygenate concentration. 
Despite the consideration of the partial separation of the alcohol component, the solute 
rejection is still affected by the presence of alcohols. A potential explanation is that the 
alcohols provide less resistance to transport of the PNA than the non-polar solvents. 
This has been shown experimentally (Appendix 5.9), with the solute diffusion 
coefficient in a xylene/methanol mixture being of the order of 50% higher than in 
xylene alone. Increased diffusion coefficients cannot, however, explain the negative 
solute rejections observed with methanol. 
Experiments were also performed using a different solute, Acenaphthene, which yields 
no rejection when in a binary mixture with xylene. Figure 5.14 shows the effect of 
methanol on the rejection of Acenaphthene. 
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Figure 5.14 - Acenaphthene rejection plotted against methanol concentration: 
Predicted and experimentally observed rejection. 
As with 9,10 Diphenylanthracene, the rejection of Acenaphthene decreases with 
increasing methanol concentration, which cannot be rationalised by the alcohol rejection 
alone. The data in Figure 5.14 eliminate the hypothesis that the altered solute rejections 
were caused by increased diffusion coefficients, since Acenaphthene was shown to 
permeate the membrane via a hydraulic mechanism (Chapter 4). The negative rejections 
of Acenaphthene result from a higher concentration in the permeate than in the feed, 
and hence a concentration driving force exists from permeate to feed. If the presence of 
alcohol was serving to reduce the transport resistance of the PNA then more of the 
solute will diffuse from permeate to feed, which will serve to increase the observed 
solute rejection. It is clear therefore that the effect of alcohol on the solute diffusion 
coefficient cannot entirely rationalise the reduced rejections of both solutes in 
multicomponent mixtures. 
It is postulated that the predominant mechanism for reduced/negative solute rejection 
arises from a concentration gradient which exists for the solvent from permeate to feed. 
The non-polar solvent diffuses against the (assumed) forward hydraulic flow, which 
serves to increase the solute concentration in the permeate and thus decrease the 
observed rejection. Section 5.4 discusses this phenomenon in more detail. 
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5.3.7 Comparison with Vapour-Liquid Equilibrium data 
The data presented thus far show the separation of alcohols as an alcohol rejection, 
however the data can be expressed in terms of the feed and permeate concentrations of 
solvent or alcohol. Vapour-Liquid Equilibrium (VLE) data are presented in a similar 
manner, with liquid and vapour-phase mole fractions represented. As an example, the 
performance of PDMS is shown alongside the VLE data for ethanoVn-heptane mixtures 
as shown in Figure 5.15. The VLE data are obtained from [128], and taken at a constant 
temperature of 30°C. 
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Figure 5.15 - Comparison of VLE and PDMS membrane for the fractionation of 
ethanol/n-heptane mixtures. 
The VLE data exhibit an azeotrope at approximately 55% ethanol, whereas no such 
condition exists with PDMS. Although the degree of fractionation obtained with PDMS 
is less than VLE (denoted by the proximity of the curve to the diagonal line in 
Figure 5.15), there may nonetheless be potential applications for PDMS where 
fractionation of azeotropic mixtures is required. 
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5.3.8 Summary of Experimental Observations 
• Alcohol rejection increases with increasing pressure, and in all cases the rejections 
can be extrapolated to a positive intercept. 
• Flux-pressure relationships for the solvent are linear, and can be extrapolated to 
significant x-intercepts of the order of 0.5- 2 bar. 
• The oxygenate rejection appears to be governed by polarity, as defined by the 
solubility parameter, 0. Substances with 14.5 < o < 18.5 demonstrate no rejection. 
In general, the greater the value of (J..Icohoi- £\>oMs), the higher the rejection. 
• The rejection-concentration profiles for methanol and ethanol exhibit peaks at 
concentrations of 30 - 40%. 
• The degree of crosslinking effects the flux of each component but has a negligible 
effect on alcohol rejection. 
• Addition of alcohols to xylene/solute mixtures causes a decline in the solute 
rejection, and the magnitude of the decline corresponds to the polarity of the 
alcohol. 
5.4 TRANSPORT MODELLING 
The data presented in Section 5.3 have indicated several possible mechanisms for 
alcohol transport and rejection from non-polar solvents. In this section, a mechanistic 
approach is adopted in order to gain a further understanding of the mechanisms 
governing alcohol transport. Several models have been developed from first principles 
and compared with the experimental data obtained. The models are intended as 
qualitative tools to assess the potential cause of some of the experimentally-observed 
phenomena such as negative solute rejections (e.g. Figure 5.13) and non-linear 
rejection-concentration profiles (e.g. Figure 5.5). 
As with Section 5.3, the term 'solvent' refers to the non-oxygenated component of the 
mixture. 
157 
Chapter 5 - Alcohols & Et hers 
The two fundamental mechanisms by which substances can permeate the membrane are 
hydraulic and diffusive flow, hence four fundamental scenarios exist for alcohol and 
solvent transport: 
1. Hydraulic transport of solvent and alcohol 
2. Hydraulic transport of solvent and diffusive transport of alcohol 
3. Diffusive transport of solvent and alcohol 
4. Hydraulic transport of alcohol and diffusive transport of solvent 
In addition, the fundamental alcohol rejection mechanism is suspected to arise from 
interactions with the membrane material due to the polarity of the alcohols. A 
combination of alcohol-membrane interaction with any of Scenarios 1 - 4 may also 
yield secondary concentration gradients and boundary-layer effects which must also be 
considered. Size-exclusion has not been considered in this case since the molecular 
dimensions of the alcohols are well below the cut-off region of 1.0- 1.5 nm reported in 
Chapter4. 
A matrix of well over 100 combinations exists, and it is beyond the scope of a 
mechanistic approach to cover all the possibilities. Instead, the models explore those 
mechanisms thought most likely from previous studies of non-polar systems (Chapter 4) 
and from interpretation of the solvent-alcohol data presented in Section 5.3. For this 
reason, Scenario 4 has been excluded completely because solvent transport was shown 
to be governed by a hydraulic mechanism in previous chapters. Scenario 3 is explored 
as it encompasses the Solution-Diffusion approach which was compared with hydraulic 
models in Chapter 4. Although the hydraulic models were shown to provide a better fit 
to the experimental rejection data in non-polar systems (Figure 4.31 ), the SD model has 
support within the academic community [123,124] and so its applicability to polar/non-
polar mixtures is investigated. 
Bearing the above comments in mind, this section presents the application of 
experimental data to the Solution-Diffusion model (a derivative of Scenario 3), and the 
most-comprehensive models (newly-developed) relating to Scenarios 1 & 2. The 
development of the model for Scenario 1 is shown in Section 5.4.2, however the 
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development of alternative models are shown in Appendix 5.11 & 5.12. The 
fundamental rejection mechanisms are investigated in Section 5.4.4, both in terms of 
established theory and experimental data. 
Section 5.4.5 discusses the transport models with respect to the experimental data 
presented in Section 5.3, and qualitatively accounts for some of the observed 
phenomena. The following sections use concentration and activity profile diagrams, 
which are intended as visual aids to the understanding of transport mechanisms. The 
general form of such diagrams is shown below: 
Feed-side 
boundary-layer 
PDMS layer 
5.4.1 Solution-Diffusion Model 
Substrate 
Permeate-side 
boundary-layer 
In the case where the transport of both the solvent and the alcohol are entirely diffusive, 
Solution-Diffusion (SD) is the only rational method by which this may occur. With the 
SD approach, an increase in pressure on the feed side of the membrane increases the 
chemical potential of each species, which is rationalised as a concentration gradient for 
diffusive transport. The flux of a species, i, according to the SD model is given by: 
D.K [ (-v.MJ] J, = ~ CiF - C;p exp R~T (5.4) 
The SD model has an analogy to Fick' s Law for diffusion, the exponential term being 
the contribution of pressure to the overall chemical potential. It can be seen that as 
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pressure increases the exponential term decreases, resulting in an increased 
concentration gradient and hence a higher flux. 
A model for alcohol rejection can be derived using the SD approach if it is assumed that 
the rates of sorption and desorption are orders of magnitude higher than the rate of 
diffusion, and that an equilibrium condition is reached whereby the concentration 
gradients within the membrane do not change with time. In the case of a binary 
solvent/alcohol system, the alcohol rejection, Ra, can be expressed in terms of the flux 
of each individual component, resulting in a quadratic expression for Ra (see 
Appendix 5.10 for a full derivation). 
(5.5) 
where: 
Subscript (a) refers to the alcohol and (S) the solvent. D is the diffusion coefficient, K 
the partition coefficient, v the molar volume, RG the universal gas constant and T the 
absolute temperature. 
In assessing the applicability of the model to the solvent/alcohol systems used here, 
DaKa can be treated as a single adjustable parameter for each alcohol concentration (as 
can DsKs) if it is assumed that D;K remains constant with pressure. Figure 5.16 shows a 
comparison between the SD model and experimental data for ethanol/xylene with a feed 
composition of 25% ethanol. 
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Figure 5.16- Comparison between experimental rejection data and solution-diffusion 
model at the extreme condition when DaKa = 0. 
Figure 5.16 shows an extreme case when DaKa = 0 (i.e. no diffusion of alcohol), which 
should intuitively lead to an ethanol rejection of 1.0 (irrespective of pressure), which is 
clearly not the case. In fact, the curve for the SD model in Figure 5.16 is the maximum 
gradient that the model can exhibit, no matter which (positive) values of DaKa and DsKs 
are used. The SD model is only able to fit the experimental data if a negative value of 
DsKs is assigned, which clearly has no physical significance. The non-fitting of the SD 
model can be conceptually examined using the concentration and activity gradients for 
the solvent: 
Concentration 
Cs, ------
Cspf---f?' 
t---t---fCsp 
Activity 
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Figure 5.17 - Solvent concentration and solvent activity gradients across the 
membrane. 
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Since ethanol is rejected by the membrane, the solvent concentration in the permeate is 
higher than in the feed resulting in a negative activity gradienth. From Equation 5.4, an 
increase in pressure can reduce the value of C,P exp(- v,I!J.P) so that it becomes less 
R0 T 
than the value of CiF, resulting in a forward concentration gradient. A threshold 
pressure, !!JP min. therefore exists for the case when the concentration gradient is zero: 
(5.6) 
Based on the xylene/ethanol data obtained with membrane Sample 5.1, the threshold 
pressures according to the Solution-Diffusion model are shown in Table 5.2. 
CaF Rejection !!JP rnin 
bar 
0.1 0.11 2.6 
0.2 0.15 8.0 
0.3 0.14 12.7 
0.4 0.12 16.8 
0.5 0.07 14.7 
0.6 0.05 15.7 
0.7 0.03 14.7 
Table 5.2- Minimum pressure required for application of the Solution-Diffusion model 
to experimental alcohol rejection data: Ethanol/xylene mixtures. 
The experimental rejection data were obtained at a pressure of 5 bar, well below the 
suggested minimum pressure for alcohol concentrations above 20%. Conversely, the 
alcohol rejections at 5 bar as predicted by the Solution-Diffusion model are much lower 
than those observed experimentally, due to the large reverse activity gradient for the 
solvent. 
h In the following discussions, a 'positive gradient' represents that from feed to permeate, and a 'negative 
gradient' from permeate to feed. 
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There are two potential reasons for the inability of the SD model to define the 
experimental data. The fundamental principles governing the model may not be valid 
for the solvent/alcohol mixtures used here, and boundary-layer effects may influence the 
rejection to a greater extent than was initially assumed. Figure 5.18 shows the solvent 
activity profiles for two cases; with and without boundary layers. 
I. 
. 
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Figure 5.18 - Solvent activity gradients across the membrane only (left), and membrane 
with feed and permeate boundary layers (right). The activities in the corresponding bulk 
liquids are equal in both cases. 
Qualitatively, the presence of boundary layers serves to reduce the activity gradient 
across the PDMS layer. If this was the case, the SD model may be applicable to the 
experimental alcohol rejection data because lower trans-membrane pressures are 
required to overcome the smaller activity gradient across the membrane. 
5.4.2 Hydraulic Model 
This section shows the development of the model corresponding to Scenario 1 
(hydraulic transport mechanism), and the corresponding correlations with experimental 
data. Scenario 1 is based on the hydraulic transport of both solvent and alcohol, with 
other effects including equilibrium separation and the presence of secondary 
concentration gradients. The fundamental assumptions of the hydraulic model are: 
• Separation occurs at the membrane surface due to swelling equilibrium at both the 
feed and permeate interfaces 
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• The rates of sorption and desorption are orders of magnitude higher than that of 
hydraulic permeation, as are the transport rates through the boundary layers on the 
feed and permeate-sides of the membrane. 
In practice, the membrane/permeate interface is not in contact with the permeate liquid 
due to the presence of the PAN substrate layer. It is assumed that the substrate is inert, 
i.e. the concentration of each species within the substrate layer is equal to that in the 
permeate liquid, and that any boundary-layer effects on the permeate side are negligible. 
To develop the transport model, the initial permeation must be considered, i.e. before 
the process reaches steady-state. Before equilibrium is reached, a separation occurs at 
the feed/membrane surface followed by hydraulic permeation of the mixture (without 
further separation) to the membrane/permeate interface. Figure 5.19 shows the 
concentration and activity profiles for the alcohol and the solvent when permeate is first 
obtained. 
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Figure 5.19 - Concentration and activity profiles for alcohol and solvent when 
permeate is first obtained. Dashed lines show the equilibrium condition. 
At the membrane/permeate interface the concentration of solvent and alcohol is the 
same as that at the membrane/feed interface. The resulting equilibrium permeate 
concentration of both species is therefore equal to the respective feed concentrations as 
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shown by the dashed lines in Figure 5.19. Given that the hydraulic permeation is 
assumed to be the rate-determining step, then selective desorption of alcohol cannot 
occur because solvent and alcohol are transported to the permeate interface at identical 
rates and the permeate concentration is equal to that at the membrane/permeate 
interface. The initial permeation results in a non-equilibrium condition as shown by the 
activity profiles in Figure 5.19. The alcohol activity in the permeate is lower than that in 
the membrane, whereas the solvent activity is higher in the permeate than in the 
membrane. The alcohol cannot selectively desorb to drive the process towards 
equilibrium, however the solvent present in the permeate can re-adsorb to the 
membrane/permeate interface. Equilibrium is therefore achieved when the re-adsorption 
of solvent from the permeate is sufficient so as to equate the activities of each species in 
the permeate liquid and permeate/membrane interface. Figure 5.20 shows a conceptual 
representation of the equilibrium, with concentration profiles also shown. 
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CaFI----1 
Cat ------
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Figure 5.20- Equilibrium concentration and activity profiles for alcohol (top) and 
solvent (bottom) for a hydraulic penneation mechanism. 
Examination of the concentration and activity gradients in Figure 5.20 allows the 
transport model to be developed. Viscous flow of solvent and alcohol occurs in the 
forward direction. For the alcohol, the activity gradient will result in a diffusive 
transport component from feed to permeate, whereas the solvent will diffuse from 
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permeate to feed. The activities of each component at the surface of the membrane are 
assumed to equal their activities in the liquid which is in contact with the PDMS 
(consistent with the Flory-Huggins approach). As a result, the concentrations of each 
species either side of the interface are not necessarily equal, as depicted in Figure 5.20. 
Of note is that the concentration of each substance within the PDMS material is taken to 
be that in the total volume of liquid within the swollen membrane, i.e. the volume 
fraction of polymer is not considered. 
The equilibrium between the liquid and membrane phases can be estimated using the 
Flory-Huggins theory for ternary mixtures as described in Section 5.4.4, and by Favre et 
al. [114]. However, the surface separation is taken to be an adjustable parameter for the 
following transport models, with Section 5.4.4 detailing the applicability of the Flory-
Huggins model to the experimental data. The surface separation factor, t/J, describes the 
relationship between the feed concentration of alcohol and that within the membrane at 
the feed-side: 
(5.7) 
Figure 5.20 shows that although hydraulic transport is prevalent, activity gradients exist 
for both the alcohol and the solvent. The alcohol exhibits a forward gradient from feed 
to permeate, whereas the solvent activity gradient is from permeate to feed, i.e. against 
the hydraulic flow. 
Solvent flux, Js, is hydraulic in the forward direction and diffusive in the reverse 
direction and is given by: 
(5.8) 
Similarly the alcohol flux, la, is given by Equation 5.9, and comprises hydraulic and 
diffusive components, both in the forward direction: 
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J tfJC.FkM' D. ( c c ) a= +-YaF oF-YaP aP (5.9) 
X X 
The surface separation parameter, 1/J, does not appear in either of the diffusive 
components because the activities at the membrane surface are equal to those in the feed 
and permeate liquid. The hydraulic permeation is dependent on 1/J as this is governed by 
the volume fraction of each species rather than their activities. 
At equilibrium, the concentration of alcohol in the permeate can be expressed in terms 
of the individual component fluxes: 
c = J. 
aP J +J 
a S 
(5.10) 
Substituting the expressions for individual component flux gives Equation 5.11: 
c.p = tfJC.FkM' +D. (r.FcaF - Y.PcaP) 
tfJC.FkM' +D. (r.FCaF -YaP CaP)+ (1- tfJC.F )kM'- Ds (YsPCsp - YsFCsF) 
Collecting like-terms yields a quadratic expression for Cap: 
(5.12) 
where: 
a= DsYsP- D.Y.P 
c = -tfJC.FkM'- D.r.Fc•F 
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An iterative procedure is required because YsP and YaP depend on the calculated value of 
CaP· By using the initial conditions of YsP = YsF and YaP= YaF, iteration is performed until 
the values of YsP and YaP correspond to the calculated values of CaP and Csp. 
Equation 5.12 contains four unknown parameters, D., Ds, k and lP, so clearly the model 
in its current form cannot be applied unless the number of unknowns is reducedi. This 
can only be achieved by making further assumptions corresponding to the boundary 
conditions of the model. The measured solvent flux comprises a hydraulic component in 
the forward direction and a diffusive component in the reverse direction. It is postulated 
that the x-intercepts observed for the flux-pressure relationships (Figure 5.4 for 
example) correspond to the condition where the two opposing flow components are 
equal, and hence no net flux is obtained. At this condition, the following can be written: 
(5.13) 
where I!.Po is the pressure corresponding to the x-intercept of the flux-pressure 
relationship, and y~PC~P is the activity of the solvent in the permeate at this condition. 
Both quantities can be obtained from the experimental data. Equation 5.13 can be re-
written to make k the subject: 
k = Ds{y~PC~P - YsFCSF) 
(1 - 4JC aF )!!.Po (5.14) 
Substituting Equations 5.8 and 5.14 fork gives the following expression forDs, which 
is independent of all other unknown parameters. 
D - lsxt:J', 
s- !!.P(y~PC~p -YsFCsF)-!!.Po(YsPCsp-YsFCsF) (5.15) 
With Ds known, k can be calculated from Equation 5.14. Da can subsequently be 
calculated from Equation 5.9. The assumptions made for the boundary conditions 
' The total measured flux cannot be used to calculate the hydraulic permeance, k, since it contains 
hydraulic and diffusive components. 
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therefore yield a model with a single adjustable parameter, 9, which is used in 
conjunction with the flux data for each component. This in itself is not a particularly 
powerful predictive tool since much experimental data is required, however the same 
parameters can be used to predict the rejection of non-polar solutes in multicomponent 
mixtures. 
Following the same rationale as explained for the solvent and alcohol, the equilibrium 
concentration and activity profiles of the solute are shown conceptually in Figure 5.21. 
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Figure 5.21 - Equilibrium concentration and activity profiles for low-concentration 
non-polar solutes: Intermediate-rejecting solutes (top) and non-rejecting solutes 
(bottom). 
Two approaches are required depending on the size of the solute relative to the effective 
membrane pore size. Solutes which yield an intermediate rejection in non-polar solvents 
(e.g. 9,10 Diphenylanthracene) are assumed to transport via both hydraulic and diffusive 
mechanisms consistent with the Convection-Diffusion model proposed in Section 4.5.4. 
For solutes which do not reject in non-polar solvents (e.g. Acenaphthene), all the solute 
flow in the forward direction takes place under a hydraulic regime, however the reverse 
diffusion of the solvent in multicomponent systems yields a solute activity gradient 
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which is reversed relative to the intermediate rejecting solute. The direction of the 
activity gradients for each type of solute result in separate models to describe the 
behaviour of each. The example shown below is for an intermediate-rejecting solute, 
since insufficient experimental data exist to evaluate the alternative model. 
No data are available for the activity coefficients of poly-nuclear aromatic solute 
compounds in solvent/alcohol mixtures, however their chemical nature is very similar to 
xylene and other, non-substituted aromatic solvents (i.e. those without halogen, N, 0 or 
S groups substituted onto the aromatic ring). In the absence of activity coefficient data it 
is assumed that the solvent/PNA concentration ratio in the feed is equal to that at the 
feed/membrane interface, which also means that fPNA = Ysolvent at any given alcohol 
concentration. 
The flux of an intermediate-rejecting solute is composed of hydraulic and diffusive 
components as given by: 
(5.16) 
where a is the fraction of solute undergoing convective flow. At equilibrium, the solute 
concentration in the permeate can be expressed as: 
C-p= J, =--1_,_,_ 
' J,+J.+ls J.+ls 
(5.17) 
The solvent and alcohol fluxes are the same as those given by Equations 5.8 & 5.9, and 
can be substituted into Equation 5.17 to yield: 
C,Fe1~~: }kLV'+(1-a)D1(y1FCiF -y;pC;p) 
C,P = kM-Ds(YsPCsP -rsFCsF)+D.(raFCaF -yaPCaP) (5.18) 
Collecting like terms in C;p gives the final result: 
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CiF(l- ~aF Jakf':..P + (1- a)D,yiFCiF 
1-CaF (5.19) 
In this case an iterative procedure is not required as 11 = rs, and D., Ds, k, CaP, Csp, YaP 
and YsP can be obtained from the application of Equation 5.12 to experimental alcohol 
rejection data. The rejection model contains three unknown parameters, 1/J, a and D;, 
although a and D; can be, to some extent, estimated based on their values for binary 
mixtures. 
In order to fit the model to the experimental data, complete rejection-pressure profiles 
are required for both the alcohol and the solute of a multicomponent mixture. Figures 
5.22 & 5.23 show examples of how the model applies to the rejection of alcohol and 
solute respectively, and Table 5.3 details the model parameters for a range of ethanol 
concentrations. 
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Figure 5.22 - Rejection of ethanol plotted against pressure for a xylene/ethanol mixture 
(45% ethanol): Experimental data (points) and hydraulic model- Scenario I (line). 
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Figure 5.23 - Rejection of 9,10 Diphenylanthracene in multicomponent 
xylene/ethanol/solute mixtures plotted against pressure: Experimental data (points) and 
hydraulic model- Scenario 1 (lines). 
Ethanol k Da Ds f/1 Dl Concentration a 
x 10-12 m2/s.bar x 10"10 m2/s x 10"10 m2/s x 10"11 m2/s 
0.10 2.14 0.09 2.65 0.8 0.40 1.7 
0.45 1.98 1.21 4.25 0.4 0.35 1.2 
0.65 0.55 5.55 0.50 0.8 0.20 0.3 
Table 5.3 - Parameters used for the application of the hydraulic model (Scenario 1) for 
xylene/ethanol/solute mixtures. 
The hydraulic model cannot accurately define the rejection-pressure profile of the 
ethanol since the gradient predicted by the model is much lower than that observed 
experimentally. The correlation shown in Figure 5.22 was the best fit that could be 
obtained, which implies that the transport of solvent/alcohol mixtures does not take 
place according to the assumptions made in this case. Despite the decrease in membrane 
swelling with increasing alcohol concentration, the multicomponent solute rejection can 
be rationalised using the hydraulic model (Figure 5.23). A decrease in swelling results 
in more confined regions for solute transport, and hence the fraction of viscous flow (a) 
and diffusion coefficients (D1) decrease with increasing ethanol concentration. Under 
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such a regime, one would expect the solute rejection to increase if the rejection 
mechanisms were consistent with those identified in Chapter 4. The back-diffusion of 
the solvent appears to have a greater effect on solute rejection than the degree of 
swelling since the hydraulic model predicts a decrease in rejection with increasing 
alcohol concentration, this despite the reduced degree of swelling. Also of note is that 
the diffusion coefficients for solvent and alcohol shown in Table 5.3 are well within the 
range measured experimentally by Wesselingh and Bollen [129], and Du Plessis et al. 
[130] for similar substances and PDMS membranes. 
5.4.3 Hydraulic/Diffusive Component model 
This model is based on Scenario 2, and assumes hydraulic flow of solvent and diffusive 
flow of alcohol in conjunction with a polarity-induced separation of the alcohol. 
Appendix 5.12 details the development of the model, and the correlations with 
experimental data are shown in Figure 5.24 & 5.25. 
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Figure 5.24 - Ethanol rejection plotted against pressure for ethanol/xylene mixtures: 
Experimental data (points) and the hydraulic/diffusive component model- Scenario 2 
(lines). 
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Figure 5.25 - Rejection of 9,10 Diphenylanthracene plotted against pressure for 
ethanol/xylene/solute mixtures: Experimental data (points) and the hydraulic/diffusive 
component model- Scenario 2 (lines). 
Ethanol k Da Ds D; Concentration a 
X 10"12 m2/s.bar x 10-to m2/s x 10"10 m2/s X 10-ll nffs 
0.10 1.87 0.99 2.65 0.7 0.38 2.31 
0.45 1.82 2.90 4.91 0.27 0.38 1.42 
0.65 0.62 6.78 0.50 0.51 0.25 19.80 
Table 5.4 - Parameters used for the hydraulic/diffusive component model for 
xylene/ethanol/solute mixtures. 
As with the hydraulic model in Section 5.4.2, the hydraulic/diffusive component model 
cannot adequately define the alcohol rejection-pressure profiles although it can 
rationalise the decreased solute rejections in multicomponent systems. The alcohol 
diffusion coefficient increases with increasing ethanol concentration, the values of 
which are consistent with the experimental observations of Wesselingh and Bollen 
[129] and Du Plessis et al. [130]. The diffusivity of the solvent and the surface 
separation factor, ip, do not follow the same trend with increasing alcohol concentration. 
Also of note is that the solute diffusion coefficient, D;, does not appear to increase with 
increasing alcohol concentration, as was observed experimentally (Appendix 5.9). 
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5.4.4 Prediction of Surface Separation 
The fundamental rejection mechanism for alcohols is assumed to be that which occurs 
upon swelling the membrane, and it is the rejection here that leads to secondary activity 
gradients which further influence solvent and alcohol transport. This section explores 
the potential to quantify the surface rejection using both established theory and literature 
data. The equilibrium between a solvent/alcohol mixture and a polymer is given by 
Flory-Huggins ternary equations [114]. 
lnas = ln9s +(1-9s )-( ~: }. -( ~; }P + [(xs.9a + XsP9P)(9. +9P)] 
-x.p( ~: }.9p (5.20) 
lna. = ln9. + (1-9.)-( ~: }s -( ~: }P +[( Xsa9s( ~: )+ XaP9P }9s + 9P)] 
- XsP( ~: }s9P (5.21) 
(5.22) 
Solution of Equations 5.20 - 5.22 yields 9a, 1/Js and 9} assuming that the interaction 
parameters (Mp, XsP, Xsa) are constant. With 1/Js and 9a known, the concentration of 
solvents within the membrane can be compared with those in the feed mixture and 
hence the equilibrium rejection can be calculated. However, Favre et al. [114] and Yoo 
et al. [131] have shown that all interaction parameters, zs., XsP and MP are dependent on 
the feed composition for solvent/alcohol mixtures. The three equations therefore contain 
six variables, and hence cannot be solved in this case. 
To the knowledge of the author, only one previous study has addressed swelling 
equilibrium of PDMS from an experimental perspective. Favre et al. [114] studied the 
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behaviour of toluene/ethanol (amongst other) mixtures with PDMS, and their data has 
been used to estimate the equilibrium ethanol rejection. Toluene/ethanol mixtures are 
likely to behave in a similar way to xylene/ethanol mixtures due to the similarity of the 
two aromatic components. The equilibrium volume fractions, 1/Ji, measured by [114] are 
shown in Figure 5.26. 
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Figure 5.26 - Equilibrium volume fractions within swollen PDMS plotted against the 
fraction of ethanol in toluene/ethanol mixtures. All data taken from [ 114]. 
The volume fraction of ethanol appears to remain constant, whereas the fractions of 
toluene and PDMS change more dramatically over the range of ethanol feed 
concentrations. By excluding the volume fraction of PDMS, the results can be 
interpreted in terms of the alcohol/solvent ratio within the swollen polymer, i.e. the 
concentration of ethanol in the liquid within the membrane. This parameter allows the 
surface rejection, R1 to be calculated, where: 
(5.23) 
where C.1 is the alcohol concentration in the liquid within the membrane. The surface 
rejection for the systems studied by Favre et al. [114] is shown in Figure 5.27. 
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Figure 5.27 - Surface rejection plotted against ethanol concentration for 
ethanol/toluene mixtures. Data derived from [ 114 ]. 
The surface rejection-concentration profile for ethanol/toluene is similar in nature to the 
rejection-concentration profiles obtained for ethanol/xylene and methanol/xylene 
(Figure 5.5). No explanation was suggested for the bell-shaped profiles shown in 
Section 5.3.4, however the data in Figure 5.27 suggest that the shape of the rejection-
concentration profiles is, in part, governed by the swelling equilibrium. Although the 
magnitude of the rejections in Figure 5.27 are much higher than those observed 
experimentally, there is likely to be a corresponding equilibrium upon desorption which 
will act to reduce the actual rejection from the equilibrium surface rejection. 
It is also thought that the swelling equilibrium potentially explains the order of rejection 
of ethanol in different solvents (Figure 5.2). The surface rejection is likely to be 
governed by both the degree of swelling of the solvent and the activity of each 
component in the mixture. Although the Flory-Huggins ternary equations cannot be 
applied to the rejection-concentration data, they can be used to estimate the surface 
rejection for a single alcohol in different solvents. Equations 5.20 - 5.22 contain three 
unknown parameters, f/>s, 9a and 1/JP. The interaction parameters XsP and .z;,p can be 
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obtained by fitting the Flory-Huggins binary equation to the experimental data of 
Tarleton et al. [121]. The equilibrium for a single solvent/polymer system is given by: 
(5.24) 
t/Js and ~PP can be estimated from swelling measurements. The activity of a pure solvent 
is, by definition, equal to unity and hence Equation 5.24 contains a single unknown, XsP· 
MP can be calculated in a similar manner from the swelling data for pure alcohol. The 
solvent-alcohol interaction parameter, Xsa, can be obtained by fitting Equation 5.24 to 
vapour-liquid equilibrium data as suggested by Flory [113]. The activities of solvent 
and alcohol were calculated using the Wilson Equation [132], with activity coefficients 
at infinite dilution taken from published data [128,133]. The three equations were 
solved numerically, and the parameters for ethanol/solvent mixtures shown in Table 5.5. 
Solvent XsP X sa lP a ~Ps !pp lP RI 
n-heptane 0.672 1.70 0.026 0.541 0.432 0.115 0.885 
cyclohexane 0.680 1.40 0.046 0.531 0.423 0.199 0.801 
xylene 0.742 1.25 0.059 0.524 0.417 0.253 0.747 
Table 5.5 - Estimated parameters from Flory-Huggins ternary equation for 
ethanol/solvent mixtures. Ethanol concentration of 25%, and values of !p and R1 are 
calculated from IPa and t/Js values. 
The rejection of ethanol upon sorption into the membrane, Rh is highest for n-heptane 
and lowest for xylene. Qualitatively, the values of R1 follow the same trend as shown in 
Figure 5.2, where the highest observed rejection was for ethanol!n-heptane mixtures and 
the lowest for ethanol/xylene mixtures. The rejections observed in different solvents 
therefore appear, to some extent, to be governed by the solvent/alcohol/membrane 
swelling equilibria. 
In Section 5.3.4 it was shown that alcohol rejection increased with increasing alcohol 
polarity, which was attributed to surface interactions with the non-polar PDMS material. 
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The swelling equilibria and surface rejection was estimated using the Flory-Huggins 
ternary equations for alcohol/xylene mixtures, and the results are shown in Table 5.6. 
Alcohol ::CsP X sa t/Ja f/Js f/Jp f/J RI 
methanol 2.3 2.00 0.012 0.549 0.439 0.053 0.947 
ethanol 1.8 1.25 0.059 0.524 0.417 0.253 0.747 
n-propanol 1.7 0.85 0.105 0.501 0.394 0.433 0.567 
i-propanol 1.6 0.80 0.107 0.500 0.393 0.441 0.559 
Table 5.6 - Estimated parameters from Flory-Huggins ternary equation for 
alcohol/xylene mixtures. Alcohol concentration of 25%, and values of f/J and R1 are 
calculated from f/Ja and t/Js values. 
It is clear that the predicted rejection upon swelling the membrane is highest for the 
most polar alcohol (methanol) and lowest for the least polar (i-propanol). Alcohol 
rejection data was previously correlated with the alcohol solubility parameter, 0, 
however in this case the values of ocan be related to the interaction parameters [116]: 
(5.25) 
where;( and ;tare the entropic and enthalpic contributions to X;p. As well as polarity, 
the activities and molar volumes of the solvent and alcohol appear to be the 
predominant factors governing alcohol rejection. Although the Flory-Huggins ternary 
equations take into account all of these factors, it is recognised that the interaction 
parameters are likely to vary with composition and hence cannot be used to quantify the 
alcohol rejection. Nonetheless, the Flory-Huggins model appears to be a qualitative 
indicator of the relative rejection that may be expected for alcohol/solvent mixtures. 
5.4.5 Summary of Potential Transport Mechanisms 
The solution-diffusion model can only rationalise the experimental data if boundary-
layer effects are considered. This being the case, the SD model cannot account for the 
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decreased or negative solute rejections observed in multicomponent systems. The 
proposed models could qualitatively account for several of the experimentally-observed 
phenomena, and Table 5.7 shows which models could be applied to which data. 
Model 
Phenomenon Hydraulic Hydraulic/ Solution Swelling Diffusive Diffusion Equilibrium 
Section 5.4.2 Section 5.4.3 Section 5.4.1 Section 5.4.4 
Rejection-pressure y y y n profiles 
Rejection-concentration 
n n n y profiles 
Rejection-alcohol type n n n y 
Rejection-solvent type n n n y 
Decreased solute 
rejection y y n n 
x -intercepts y y y n 
Table 5. 7- Application of transport and rejection models to experimentally-observed 
phenomena. 
The mechanistic approach which considered the alcohol transport to take place 
exclusively by diffusion yielded very similar results to the hydraulic model presented in 
Section 5.4.2. The alcohol rejection-pressure relationships could not be accurately 
rationalised using this model, however the model could qualitatively account for the 
reduced solute rejections in multicomponent mixtures, and the experimentally-observed 
x-intercepts of the flux-pressure relationships. All models which considered a reverse 
diffusion gradient for the solvent were able to account for the x-intercepts and solute 
rejections, hence it appears that this phenomenon is a more comprehensive mechanism 
than the osmotic pressure approach used by Stafie et al. [124]. 
The bell-shaped rejection-concentration profiles shown in Figure 5.5 can potentially be 
explained by the swelling equilibria of the solvent/alcohol mixture with PDMS. Rather 
than the effect of polarity, swelling equilibria appears to be a more comprehensive 
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mechanism for the rejection of a range of alcohols in a single solvent, and a single 
alcohol in a range of solvents. 
Of note is that no single model or mechanism is able to account for all of the 
experimental data, and hence it is likely that a combination of mechanisms is prevalent 
(i.e. swelling equilibria in conjunction with hydraulic or diffusive mechanisms). It is 
thought that the fundamental rejection mechanism is that caused by swelling equilibria; 
secondary mechanisms arise from the presence of activity gradients across the 
membrane due to this primary separation. 
5.5 SUMMARY AND CONCLUSIONS 
The rejection behaviour of alcohols is quite different from non-polar solutes. Whereas 
size and diffusivity were the factors governing the rejection of non-polar solutes, the 
primary rejection mechanism for alcohols appears to be that which occurs upon 
swelling the membrane. 
Whilst MTBE and ETBE did not separate from their parent solvents, alcohol rejection 
was found to be a non-linear function of the concentration in the mixture, the solvent 
with which it was mixed and the polarity of the alcohol. It was shown that mixtures of 
solvents whose solubility parameters are in the range of 14.5 - 18.5 MPa0·5 do not 
separate. The rejection behaviour with respect to solvent-type and alcohol-type were 
qualitatively predicted using the Flory-Huggins ternary equations. The rejection-
concentration behaviour was rationalised using the experimental swelling equilibrium 
data ofFavre et al. [114]. 
Addition of alcohols to solvent/solute mixtures was found to have a detrimental affect 
on the solute rejection, with certain xylene/methanol/solute mixtures yielding a negative 
solute rejection. This phenomenon was qualitatively explained by the existence of a 
reverse concentration gradient for the solvent, which acts to increase the solute 
concentration in the permeate. Diffusive solvent flow from permeate to feed also 
rationalised x-intercepts of the solvent flux-pressure relationships, which were shown 
not to be the result of osmotic pressures (as defined by the Van't Hoff equation). 
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The inference is that alcohol-containing fuels are not suitable for treatment with a 
PDMS membrane. The rejection of alcohol will affect the octane rating of the fuel, and 
may result in a product which is below the required specifications. Oxygenated fuels 
could be differentiated if the membrane treatment was confined to the non-oxygenated 
components only, with alcohols added after the membrane separation step. There may 
be potential applications for PDMS nanofiltration as an alternative to pervaporation in 
azeotrope-splitting applications, and this could be the focus of future studies. 
Aspects of any future work could include the investigation of substances with a much 
greater range of polarity, and to assess the cut-off point at which no separation occurs. 
Experimental swelling equilibrium data are desirable as a supplement to the transport 
models already derived. In this case large samples of PDMS would be required, whose 
crosslinking densities are comparable to the membrane samples. Equilibrium could be 
measured by immersing the PDMS sample in a known mass/volume of a binary 
mixture, and measuring the remaining volume and composition when the swollen 
PDMS sample is removed. 
The transport models presented in this chapter provide a qualitative indication of the 
potential transport mechanisms, however they require large amounts of empirical data. 
Future work could develop the models further so that they provide quantitative 
predictions with fewer empirical parameters, which may assist in further defining the 
transport mechanisms for polar/non-polar mixtures. 
182 
Chapter 5- Alcohols & Ethers 
5.6 NOMENCLATURE 
a 
a; 
c mol/mol 
D m2/s 
J m3/m2.s 
k m2/s.bar 
K 
M' bar 
M'o bar 
R 
Ra 
R1 
RG bar.m3/mol.K 
T K 
X m 
Greek Letters 
r 
0 MPao.s 
LIJZ' bar 
V m3/mol 
1/Ja 
1/Jp 
1/Js 
1/J 
%xy 
Fraction of solute undergoing viscous flow 
Activity within the membrane 
Concentration 
Diffusion coefficient 
Flux 
Hydraulic permeance 
Partition coefficient (SD model) 
Trans-membrane pressure 
x-intercept of flux-pressure relationship 
Solute Rejection 
Alcohol Rejection 
Rejection at membrane surface 
Universal gas constant 
Temperature 
Membrane thickness 
Activity coefficient 
Solubility parameter 
Osmotic pressure 
Molar volume 
Volume fraction alcohol within membrane 
Volume fraction polymer within membrane 
Volume fraction solvent within membrane 
Surface separation factor 
Interaction parameter between species x and y 
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Subscripts 
1 Membrane surface 
a Alcohol 
F Feed 
i Solute 
p Permeate 
s Solvent 
Superscripts 
0 At x-intercept 
S Entropy 
H Enthalpy 
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CHAPTER 6- REAL FUELS & SCALE-UP 
The results and transport mechanisms presented in Chapters 3 - 5 were based on model 
solvent/solute systems_ Since the scope of the project is the removal of components 
from gasoline, this section aims to assess the results and mechanisms obtained from the 
model systems in terms of their applicability to real gasoline fuels; in particular the 
effect of swelling and the addition of oxygenates_ Also discussed are strategies for 
optimisation and improvement of the membrane process, as well as scale-up issues and 
the performance of the membrane in full-scale applications. 
6.1 Experimental 
6.1.1 Analytical techniques 
6.1.2 Apparatus and experimental methods 
6.2 Results and discussion 
6.2.1 Effect of pressure 
6.2.2 Effect of fuel composition 
6.2.3 Effect of crosslinking 
6.2.4 Addition of oxygenates 
6.3 Strategies for process improvement 
6.3.1 Experimental 
6.3.2 Results and process implications 
6.4 Scale-up 
6.4.1 Development of pilot-scale apparatus 
6.4.2 Plant performance 
6.4.3 Engine test results 
6.5 Process modelling 
6.6 Summary and conclusions 
6.7 Nomenclature 
6.8 References 
The experimental study of gasoline fuels required a different approach to that taken 
using model solvent/solute systems. Given the lack of previous work in the open 
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literature (as evidenced by very few references throughout this chapter}, Section 6.1 
details the development of the experimental and analytical techniques to a greater extent 
than was highlighted in Chapters 3- 5. 
6.1 EXPERIMENTAL 
The gasoline fuel was available as a blend of 60% aromatics, 30% paraffins and iso-
paraffins and 10% olefins. The composition by Gas-Chromatography (GC) analysis is 
shown in Appendix 6.1, along with the available physical properties of the fuel. The 
fuel has very high levels of residual contaminants, and is routinely used to assess the 
performance of detergent compounds in engine and vehicle-fleet tests [134]. The exact 
nature and concentration of the residual contaminants was unknown, so a method was 
devised whereby the membrane performance could be evaluated for the treatment of the 
gasoline fuel. 
6.1.1 Analytical Technique 
UV-vis spectroscopy was used in Chapter 4 to measure the concentration of PNA and 
organometallic species in organic solvents, and subsequently the rejection of the solutes 
could be determined. Similarly, the UV-vis technique can be applied to gasoline as the 
impurities will contribute to the absorbance at various wavelengths. The absorbance at 
wavelengths of 400-500 nm relative to xylene is shown in Figure 6.1. 
The absorbance of gasoline at wavelengths of 410- 430 nm is very high, which is 
advantageous because a decrease in absorbance due to the removal of residual 
components can be accurately quantified. However, although the technique is capable of 
determining if there is a lower level of residual impurities in the fuel, it cannot quantify 
which particular components may have been removed. If the nature and concentration 
of a particular species in the feed and permeate is unknown then solute rejection is not a 
parameter that can be used to assess the membrane performance in this circumstance, 
and a comparison between the behaviour of model and real systems becomes more 
difficult. 
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Figure 6.1 -Absorbance/wavelength characteristic for gasoline fuel. 
The absorbance at any given wavelength is proportional to the concentration of a 
particular species. Absorbance is also cumulative, in that any number of species which 
absorb at a particular wavelength will contribute to the overall absorbance at that 
wavelength. Given the linearity of absorbance with concentration for all the solute 
compounds studied in Chapter 4 (see Appendix 4.2), a new parameter has been devised 
which allows the membrane performance with gasoline to be quantified, and is based on 
the same principle for calculating solute rejection. The parameter is termed "Fuel Clean-
up", and is shown in Equation 6.1: 
A Fuel Clean-up = 1- ____!:_ 
AF 
(6.1) 
where Ap and AF are the absorbance of the feed and permeate respectively at any given 
wavelength, and correspond to the total concentration of impurities in permeate and 
feed. The absorbance-concentration profiles for the impurities within the gasoline fuel 
are linear', and hence the absorbance ratio is identical to the ratio of the total 
concentration of impurities. Of note is that the linear relationship between absorbance 
and concentration is lost when the absorbance values exceed 0.9. In this case, the 
' Shown in Appendix 6.2. 
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samples were diluted with xylene for measurement (such that the registered absorbance 
was less than 0.9), and the measured values corrected for the dilution. 
6.1.2 Apparatus and Experimental Method 
The apparatus and experimental procedures were the same as those detailed in Section 
4.3. Unlike the binary solvent/solute mixtures, commercial fuels are prone to 
evaporation when exposed to the atmosphere, which influences both the flux and UV-
vis absorbance b. For this reason the fuels used were those with a low concentration of 
C3 - C5 hydrocarbon components, corresponding to a low vapour-pressure. Narrow-
necked vessels were used wherever possible to further minimise evaporative losses. 
The effect of crossflow rate on the filtration of gasoline was not investigated; 
hydrodynamic conditions (Qplf.l) were set at 10 m for all experiments. Three samples of 
PDMS were used to perform the experiments presented in this chapter, as shown in 
Table 6.1. 
Sample Sample Xylene 
Description Designation Permeance 
x!0"12 m2/s.bar 
GKSS 2f.lm Sample 6.1 2.76 
GKSS 2f.lm Sample6.2 2.84 
Twente 1.5 l1ll1 Sample 6.3 0.84 
Table 6.1- Membrane samples and their respective xylene permeance. 
b The components which evaporate do not absorb UV -vis radiation, hence the concentration of impurities 
increases, as does the absorbance. 
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6.2 RESULTS AND DISCUSSION 
Preliminary filtration studies were performed using PDMS and a gasoline fuel rich in 
Copper and Iron organic compounds (this fuel is not the same as that referred to 
throughout this chapter). Elemental analysisc showed that the permeate was 
considerably depleted in copper and iron, whilst the concentration of copper and iron in 
the retentate had increased. Analysis of the used membrane with SEM and Electron 
back-scatter showed that no copper or iron was present on the surface of the PDMS. 
This result suggests that the separation mechanism does not involve adsorption to the 
membrane material, which is consistent with the observations of the model 
solvent/solute systems. 
In order to assess which wavelengths should be used to determined the fuel clean-up, an 
experiment was performed at a pressure of 5 bar with gasoline fuel and the clean-up 
evaluated at all measured wavelengths as shown in Figure 6.2. 
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Figure 6.2 - Fuel clean-up plotted against wavelength for a gasoline fuel treated with 
PDMS (Sample 6.1) at a pressure of5 bar. 
'Analysis performed by Shell Global Solutions, Chester. 
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The clean-up at wavelengths below 400 nm is relatively low, which is thought to 
correspond to smaller PNA molecules. The absorbance of 2 - 4 ring PNAs is strong in 
this region [135], and previous studies with model systems (Chapter 4) have shown that 
these molecules are subject to very little rejection by membrane samples of this type. 
The clean-up in the visible range corresponds to an observed change in colour between 
feed and permeate, and is thought to be due to the removal of metallic compounds and 
larger PNAs. The ideal reference wavelength is one which shows an appreciable fuel 
clean up (so any deviations due to a change in operating parameters can be observed) 
and exhibits a relatively high absorbance. Although the clean-up at wavelengths above 
450 nm are relatively high the absorbance in this region is low, which is likely to result 
in a large degree of error when calculating clean-up. The ideal region for clean-up 
measurement is therefore in the 400 - 450 nm region. 
Analysis was performed on the feed, permeate and retentate samples for each test. The 
linearity of absorbance with concentration meant that a mass balance could be 
performed using the absorbance at a particular wavelength rather than the concentration 
of a particular component. In all cases, an 'absorbance balance' was obtained within 
3%, which suggests that the primary separation mechanism is not due to adsorption to 
the PDMS material. 
6.2.1 Effect of Pressure 
The flux-pressure relationship for gasoline was linear, with a permeability of 5.6 
l/m2.hr.bar. The observed permeability was between that of xylene (4.83 l/m2.hr.bar) 
and n-heptane (6.84 l/m2.hr.bar). The viscosity of this particular gasoline was 0.00052 
Pa.s [136], which is between that of n-heptane (0.00040 Pa.s) and xylene (0.00065 
Pa.s). The measured gasoline flux is consistent with the solvent flux data presented in 
Chapter 3, where the swelling effect and viscosity of the solvent were the predominant 
factors governing solvent flux. 
The binary solvent/solute systems reported in Chapter 4 showed that increasing trans-
membrane pressure was found to yield an increasing solute rejection (e.g. Figures 4.10 
and 4.11). The effect of pressure on the clean-up of a gasoline fuel (evaluated at 
different wavelengths) is shown in Figure 6.3. 
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Figure 6.3- Fuel clean-up plotted against pressure at wavelengths of 410- 450 nm. 
Data obtained with membrane Sample 6.1. 
The clean-up improved with increasing pressure for all the measured wavelengths. The 
clean-up/pressure profile is not identical to the rejection/pressure profiles obtained for 
the binary solvent/solute systems, which tended to attain a limiting value with 
increasing pressure for solutes whose rejection was between 0 and L Gasoline does not 
follow this trend, which is most likely due to the size-range of components in the fuel. 
Of the components which contribute to the net absorbance at any specific wavelength it 
is likely that some are un-rejected, some are retained altogether and the rest are subject 
to an intermediate rejection. In this case the fuel clean-up will not necessarily follow the 
same trend as the rejection-pressure profiles of compounds which give an intermediate 
rejection. 
Higher pressures are beneficial in terms of the flux and fuel clean-up. Experiments 
performed using the SEPA test apparatus (described in Section 4.3) showed that the 
clean-up continued to increase at pressures up to 20 bar (i.e. no plateau was observed), 
the maximum limit of this apparatus. 
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6.2.2 Effect of Fuel Composition 
A significant finding of the binary solvent/solute work was that the maximum rejection 
for a particular solute compound appeared to be due to the (membrane) swelling effect 
of the solvent in which it was dissolved. Better-swelling solvents caused the rejection to 
be lower than poorer-swelling solvents due to swelling-induced changes in the 
membrane structure. Gasoline was evaluated for similar effects by diluting the fuel with 
a particular solvent so as to alter the degree of swelling. Based on the composition from 
GC analysis, the solubility parameter of the gasoline, 0, was estimatedd as 17.0 (MPa)0·5• 
The fuel was diluted to 50% with xylene to give a resulting solution with ~ = 17.6 
(MPa)0·5, and with heptane to give~= 16.4 (MPa)0·5• Data in Section 4.4.3 showed that 
the rejection was independent of solute concentration, so it is unlikely that the lower 
concentration of impurities due to dilution of the gasoline affected the fuel clean-up. 
The clean-up (measured at 420 nm) for each diluted blend was compared to the original 
gasoline sample as shown in Figure 6.4. 
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Figure 6.4 -Effect of alkane/aromatic composition on fUel clean-up at 420 nm. 
• Assuming that the solubility parameter of alkanes was 15.3 MPa0·5, and 18.2 MPa0·5 for aromatics. 
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The effect of fuel composition on clean-up is analogous to the effect of swelling on 
solute rejection. When the solubility parameter of the fuel is increased (by adding 
xylene) the membrane swells less and hence more impurities are removed. Similarly, 
when the solubility parameter becomes closer to that of PDMS (by adding heptane) the 
membrane swells more and less impurities are removed. This result indicates that fuels 
with a high aromatic composition are likely to yield good clean-up when subjected to a 
membrane-treatment process, whereas fuels which are high in alkane-based components 
are more likely to exhibit a lower clean-up. A further discussion of the effects of fuel 
composition on clean-up is given in Section 6.3. 
6.2.3 Effect of Cross/inking 
A further experimental strategy to investigate the effect of swelling on fuel clean-up is 
to test the same gasoline fuel with PDMS membranes that exhibit different degrees of 
crosslinking. It was shown in Section 4.4.6 that the limiting rejection of 9,10-
Diphenylanthracene increased when passed through a PDMS membrane with a higher 
crosslinking density. Gasoline fuel was treated using two membranes; a PDMS sample 
from the University ofTwente (Sample 6.3) and a 2j.tm GKSS membrane (Sample 6.1). 
Of the two membranes, Sample 6.3 is the more crosslinked as evidenced, for instance, 
by the xylene permeance (Table 6.1) and the DMA analysis in Chapter 2. 
The fuel clean-up at a wavelength of 420 nm for both membranes is shown in 
Figure 6.5. Above 5 bar, the fuel clean-up obtained with the Twente membrane was 
25% higher than that obtained with the GKSS membrane, which is consistent with the 
hypothesis that rejection is dependent on the degree of swelling. Although there appears 
to be a degree of overlap at lower pressures (also similar to solvent/solute data in 
Figure 4.19) the low fluxes obtained with the Twente membrane at low pressures meant 
that there is a relatively large degree of error due to rate of evaporation relative to the 
flux. The gasoline permeability obtained with the Twente membrane (1.76 llm2.hr.bar) 
was around one-third of that obtained with the GKSS membrane (5.6 l/m2.hr.bar), 
which is also consistent with the findings in Chapter 4. 
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Figure 6.5 - Fuel clean-up at 420 nm plotted against pressure for membranes 
exhibiting different degrees of cross/inking. 
A correlation between clean-up and permeability (similar to Figure 4.24) for each 
membrane is not possible in this case due to the nature of the gasoline fuel. The fuel 
properties are prone to change with time unless kept under cold storage, a facility which 
was not available to this project. A correlation is only possible if all the experiments are 
performed in succession, where the fuel properties will be very similar for each test. The 
data presented in Figure 6.5 nonetheless indicate that the Twente membrane has 
advantages over the GKSS membrane in terms of the product quality that can be 
achieved, albeit with a lower overall permeability. 
6.2.4 Addition of Oxygenates 
It was shown in Chapter 5 that the rejection of 9,10 Diphenylanthracene decreases with 
increasing alcohol concentration in the feed, which was thought to be due to diffusion of 
the solvent from permeate to feed. When MTBE was added, no change in the PNA 
rejection was observed. A similar approach has been adopted for the gasoline fuel, 
which was dosed with oxygenates at concentrations of 20%. The resultant fuel clean-up 
as a function of pressure is shown in Figure 6.6. 
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Figure 6.6 - Fuel clean-up plotted against pressure for base gasoline and oxygenate-
containing fuels. 
The addition of methanol has a dramatic effect on the observed clean-up, with a 
decrease of approximately 50 %. Ethanol still causes a decline in clean-up, however 
MTBE appears to have little effect. The data are entirely consistent with the 
multicomponent solute rejection data in Figure 5.12, where the largest deviations were 
observed with methanol and little deviation observed with MTBE. 
For model systems it was thought that the decreased solute rejections occur due to the 
solvent activity gradient between permeate and feed, which is induced by the partial 
rejection of the alcohol. The oxygenate rejection from the gasoline fuel is shown in 
Figure 6.7. 
The order in which the rejections appear in Figure 6.7 is consistent with that in xylene. 
The rejections for methanol and ethanol are significantly higher in gasoline than in 
xylene, which can be attributed to the presence of alkane components in the fuel, which 
alter the equilibrium so that more of the alcohol is separated upon sorption into the 
PDMS layer. 
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Figure 6. 7 - Oxygenate rejection in gasoline plotted against pressure for methanol, 
ethanol and MTBE. 
The data in Figure 6.7 are consistent with that in Figure 6.6; the reduction in clean-up 
increases with the rejection of the oxygenate. Like the model systems, the fuel clean-up 
cannot be rationalised by the alcohol rejection alone, and Appendix 6.3 shows the clean-
up adjusted for methanol and ethanol separation. 
It is clear that alcohol-containing fuels cannot be treated using PDMS and the current 
operating regime, i.e. 10% stage-cut. Fuels which contain MTBE can be treated without 
separation of the oxygenate or a reduction in the clean-up. There are two potential 
methods for treating alcohol-containing fuels: 
• Blend in the alcohols after the membrane treatment process 
• Take the retentate stream as the product 
The second scenario also offers the potential to change the octane-rating of the fuel as 
the retentate will be richer in alcohol than the feed. The reduced clean-up may also be 
exploited as this will also impact on the retentate quality; if the clean-up becomes 
negative with increasing alcohol concentration (analogous to the negative solute 
rejections observed in Chapter 5) then the retentate will be cleaner than both the feed 
and permeate. Further work is required to assess whether this is a realistic opportunity, 
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and should focus on the effect of alcohol concentration in gasoline on both the alcohol 
rejection and the fuel clean-up. 
6.3 STRATEGIES FOR PROCESS IMPROVEMENT 
Commercial gasoline fuels are produced by mixing a number of separate refinery 
streams or components. The mixing of such streams allows a fuel to be produced with 
specific properties, with the quantity of each component being dependent on the target 
quality of the finished product (e.g. Octane rating, vapour pressure etc.). Section 6.2.2 
showed how the clean-up was dependent on the fuel composition by blending xylene 
and n-heptane into a gasoline fuel. Pure solvents are unlikely to be used in commercial 
fuels, and hence the phenomenon was investigated with representative fuel components. 
The current vision for the application of membrane technology in gasoline fuel 
processing is in the upgrading of a commercial grade fuel, i.e. one which is a mixture of 
blending components. This section investigates the possibility of restricting the 
membrane treatment to certain streams in order to enhance the overall separation 
potential. Both proposed operating regimes are shown in Figure 6.8. 
Current Application 
Potential Application 
Figure 6.8 - Representation of current and potential applications. Streams A, B & C 
represent different blending components. 
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The potential application in Figure 6.8 shows how stream C bypasses the membrane, 
and is blended into both the permeate and retentate streams. This may be advantageous 
if stream C gives, for example, a very low flux, or if it acts to reduce the overall quality 
of the permeate. This section will therefore study the viability of certain streams 
bypassing the membrane in an attempt to optimise the overall flux and separation 
performance of the membrane. 
6.3.1 Experimental 
Three fuel components were obtained, the detailed physical properties of which are 
shown in Appendix 6.4. A brief description of each component is given below, along 
with some of the physical properties relevant to this study. 
1. Alkylate - A stream comprising mainly of n-alkanes in the C6 - C12 range. 
Alkylate streams tend to be inherently clean due to the inability of the straight-chain 
alkanes to dissolve large quantities of deposit-forming species. 
2. Platformate- Aromatic hydrocarbons C6- C12. Likely to contain a relatively large 
quantity of PNAs from the platforming process. 
3. Cat-cracked- A hydrocarbon stream from a catalytic cracker, which converts long-
chain alkanes into shorter alkanes and alkenes (olefins). The unsaturated olefins 
have a tendency to polymerise over time, so the stream is likely to contain a 
significant amount of high molecular weight compounds, and contribute a large 
amount to the overall fouling behaviour of a fuel blend. 
As with the gasoline fuel in Section 6.2, the exact nature and concentration of the 
impurities within each component is unknown so the UV-vis technique was used to 
measure absorbance at different wavelengths. Figure 6.9 shows the 
absorbance/wavelength characteristic for each of the three fuel components. 
As expected, the Alkylate is the cleanest of the three components, being barely 
detectable at wavelengths above 440 nm. The Platformate and Cat-Cracked components 
are very similar at wavelengths above 450 nm, whereas below 450 nm the absorbance 
of the Platformate is considerably stronger, which is likely to be due to a high 
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concentration of PNAs that absorb in this region [135]. The individual clean-up 
characteristics of each component are shown in Appendix 6.4. 
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Figure 6.9 - Absorbance/wavelength characteristics for three fuel components. 
Absorbance values in excess of unity were obtained by dilution. 
Experiments were performed using the Air-Driven apparatus and experimental 
techniques described in Section 4.3. 
6.3.2 Results and Process Implications 
The Alkylate is naturally very clean, and its high-alkane composition means that it is 
likely to swell the PDMS membrane more than the Platformate or Cat-Cracked 
components. If the Alkylate stream were to be by-passed (Stream C in Figure 6.8) then 
the required membrane area may be lower since the throughput will be decreased. The 
permeate quality may also improve since the Platformate/Cat-cracked mixture will swell 
the membrane less than the total blend (based on their estimated values of b). 
Experiments were preformed to assess the feasibility of this new approach, which 
involved the filtration of a 50:50 Platformate/Cat-cracked mixture as well as the same 
mixture with varying doses of Alkylate added. UV-vis was used to determine the clean-
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up of both the complete blend and that with the alkylate by-passed, and the results are 
shown in Figure 6.1 0. 
0.4-,-------------------------, 
0.3 • 
• • 
• 
• • 
• 
• 
0.1 
• Alkylate by-passed 
• Total Blend 
0.0 +------r---~----,---~---~--~----1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Fraction Alkylate 
Figure 6.10- Fuel clean-up with Alkylate fraction for the complete blend, and the blend 
with the Alkylate component subject to by-pass. Data obtained with Sample 6.2. 
The UV -vis data shows that the strategy of by-passing the Alkyl ate stream yields a 
cleaner product than treating the entire blend. Also of note is that addition of this 
particular alkyl ate component caused a slight decline in the total flux (Figure 6.11 ). 
Although the degree of swelling is expected to increase with addition of alkylate, it is 
thought that the viscosity of this particular alkylate component is relatively high and 
thus results in the reduction in total flux shown in Figure 6.11. The use of alkane-based 
components with lower viscosities are expected to improve the overall flux as their 
concentration in the mixture increases. 
Treating selective streams in this manner has significant potential advantages in that it 
can extend the range of cleanliness that a particular membrane can achieve, and lowers 
the throughput which in turn reduces the required membrane area. Further improvement 
may also be obtained if a more-crosslinked membrane was utilised in conjunction with 
the by-passing of alkane-based streams. 
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Figure 6.11 - Total flux plotted against alkylate concentration for mixtures of blending 
components. Data obtained with Sample 6.2. 
It may be possible to reduce the overall membrane area by utilising a membrane which 
has a thinner PDMS layer than the standard 2 J.lm. It was shown in Chapter 4 that the 
thickness had no observable effect on the separation performance of the membrane, 
effecting only the total flux. A thinner membrane is therefore likely to yield an 
improved flux (lower required membrane area) without compromising selectivity. 
6.4 SCALE-UP 
This section details the design and operation of a pilot plant used to produce enough 
gasoline permeate to carry out several engine tests in order to evaluate the viability of 
the membrane technology in industrial applications. A further reason for constructing a 
pilot plant was to identify any scale-up issues that may arise. The design considerations 
are highlighted, and the plant performance is discussed in terms of its similarity to the 
smaller scale work (Chapter 4 and Section 6.2) presented so far and in terms of its 
effectiveness in industrial applications. 
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As part of this project, the design, commissioning, operation, experimental plans and 
data interpretation were carried out by the author. Plant construction and engine tests 
were carried out by Shell Global Solutions. 
6.4.1 Plant Specifications 
The pilot plant is referred to as the Liquid Permeation Test Unit (LPTU), the 
fundamental design of which was based on the daily production of enough volume of 
fuel for an engine test (150 litres). The membrane and module were obtained from 
GKSS, the module being of a plate and frame design as shown in Figure 6.12 and the 
membrane being the 2 Jlm PDMS with the standard degree of crosslinking0 • The LPTU 
was integrated with existing gasoline storage vessels, each of 1500 litre capacity. 
Feed --1~ 
Membrane 
Envelope 
Retentate 
Permeate 
Distance 
Ring& 
0-Ring 
Baffle Plate 
Figure 6.12- Schematic of the Plate & Frame membrane module used on the LPTU. 
Diagram kindly supplied by GKSS. 
Considerations in the specification of the LPTU were the operating pressure, membrane 
area and the crossflow rate to achieve a 10% stage cut. The three variables are 
' No xylene permeance data was supplied with the membrane. 
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interlinked to a large extent, however safety factors limited the operating pressure and 
the volume of the feed vessels constrained the crossflow rates that could be used. The 
design of the LPTU was very similar to that of the SEPA rig and the air-driven rig 
(Figure 4.4), the fundamental difference being that the retentate was collected in a 
separate vessel rather than recirculated back to the feed tank. 
6.4.2 LPTU Plant Perfonnance 
Tests were carried out using a gasoline fuel which is nominally identical to that studied 
in Section 6.2, and whose properties are shown in Appendix 6.1. 
Permeate flux was found to be 2.7 l/m2.hr.bar, approximately half that predicted from 
flux data obtained with the Air-Driven and SEPA test apparatus. The permeate quality 
was identical to that obtained in tests with the same feed gasoline on the SEPA rig, so 
the inference is that there is some discrepancy in the membrane sample that was used in 
the module. Although a xylene permeability measurement was not available for the 
membrane within the LPTU module, the difference between the predicted flux and 
actual flux is within that shown by membranes with the same nominal degree of 
crosslinking (see Figure 4.24). Alternatively, the membrane may be thicker than the 
2 J.Uil quoted by GKSS since no gas permeation tests were possible to evaluate the exact 
thickness of the PDMS layer. 
6.4.3 Engine Testing Results 
Feed, permeate and retentate samples from LPTU tests were evaluated with a VW Polo 
engine, each test lasting for 40 hours. Representative photographs of the inlet valves 
after tests with the base fuel and the permeate are shown in Figure 6.13 
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l· 
.. 
Figure 6.I3 -Inlet valves from VW Polo engine test of base fuel (left) and permeate 
(right). 
The inlet valves after testing with the permeate were much cleaner than with the 
untreated fuel. Also determined during the tests were the inlet valve deposit weights 
(IVDs) and combustion chamber deposit weights (CCDs) which are shown in Figures 
6.14 & 6.15 respectively. CO and NOx emissions were also determined, these results 
are shown in Figure 6.16. 
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Figure 6.14 -Inlet valve deposit weights from a 40 hour test in a VW Polo engine. 
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Base Permeate Retentate Base + Additive 
Figure 6.15 -Combustion Chamber Deposits from a 40 hour test in a VW Polo engine. 
Figure 6.14 shows that the average IVD weight with gasoline permeate is less than half 
that of the original feed fuel, and is significantly lower than the IVD weight obtained 
using the feed fuel with a detergent added. Interestingly, the retentate gives lower IVDs 
than the feed, a phenomenon which is still apparent in duplicate testsr. The CCD 
weights shown in Figure 6.15 indicate that there is essentially no difference between 
feed, permeate and retentate. In general, additi vated fuels are expected to exhibit higher 
CCDs than non-additivated fuels, which is shown to be the case in Figure 6.15. 
The deposit tests show that the PDMS-treated fuel can achieve a significant reduction in 
IVDs without compromising the CCDs as an additivated fuel would do. However, 
internal engine deposits are not the only factor which determine overall fuel cleanliness; 
the quality of the exhaust emissions also plays a major role. Two common exhaust gas 
characteristics are the carbon monoxide (CO) levels and the concentration of nitrous-
oxides (NOx), representations of which are shown in Figure 6.16. 
'One possible explanation is that IVDs are caused by combinations of a number of impurities, and that 
the fractionation of both streams results in the observed !VD reductions. Combination of the permeate 
and retentate streams gives an !VD weight which is the same as the untreated fuel. 
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Figure 6.16- Representative emissions results for CO and NOx levels. 
The CO levels obtained with the permeate are lower than both the feed fuel and the 
additi vated fuel. The NOx levels of permeate are consistently lower than the feed, but 
are similar to the NOx of the additivated fuel. Unlike the engine deposits, the exhaust-
contaminant levels of the retentate are higher than that of the feed. Although the 
difference in the exhaust compositions for the four fuels is relatively small the lower 
NOx and CO levels with membrane-treated fuel strengthen the case for membrane 
technology as a technique for upgrading fuel quality. 
6.5 PROCESS MODELLING 
The studies performed thus far were performed at a 10% stage-cut, with the retentate 
circulated back to the feed reservoir. Other modes of operation include, for example, a 
'once-through' method, where the retentate is collected in a separate vessel, and a 'feed 
and bleed' system. In industrial applications, the quality of the permeate and retentate 
may potentially vary over time depending on the operating regime used, and the aim of 
this section is to present a process model of one such process as an example that can be 
expanded upon in future. 
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A schematic of the process chosen for modelling purposes is shown in Figure 6.17. 
F 
p 
Figure 6.17- Schematic of membrane separation process. 
In this case the retentate is fed back to the feed reservoir, with the permeate received in 
a separate tank. C represents the concentration of deposit-forming species in the tank 
(1), feed (F), permeate (P) and retentate (Q). V represents the volume of fuel in the tank. 
Of interest is the quality of both permeate and retentate over time, and in particular the 
dependence of permeate and retentate quality on both stage cut and overall recovery 
(i.e. the fraction of initial fuel in the tank which is permeated through the membrane). 
To this end, two models need to be developed: 
• Stage-cut- based on membrane module only 
• Recovery- based on changing volume and concentration in the feed tank 
In this instance it is assumed that all the impurities within the fuel are able to permeate 
the membrane to some degree, i.e. they are subject to a partial rejection. In this case the 
rejection, R, can be applied to describe the separation of impurities rather than fuel 
clean-up. 
The stage-cut model aims to define CQ as a function of the feed concentration, stage-cut 
and rejection. 
A total mass balance over the membrane module yields: 
F=P+Q (6.2) 
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Stage-cut, S, is defined as; S = !_, so Q can be written as: 
F 
Q = F(1-S) (6.3) 
A solute mass balance over the membrane module yields: 
(6.4) 
and substituting for Q from (6.3): 
(6.5) 
Solute rejection, R, is defined as R = 1- C P , where CM is the solute concentration at 
CM 
the membrane surface. Rejection has been shown to be independent of solute 
concentration at ppm levels (see Section 4.4.3). CM is taken to be the average 
concentration above the membrane, i.e. 
(6.6) 
Cp can therefore be defined in terms of Cp, CQ and R by Equation 6.7: 
(6.7) 
Substituting the expression for Cp in (6.7) into Equation 6.5 gives: 
(6.8) 
Collecting like-terms yields the final expression for CQ: 
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(6.9) 
The concentration of impurities in the retentate can therefore be related to the feed 
concentration, stage-cut and rejection. Since the system operates in a circulation mode 
(Figure 6.17), the feed concentration is likely to change over time since the 
concentration of impurities in the stream entering the tank (Q) is higher than in the 
stream leaving (F). To this end, a model has been developed to describe the changing 
feed concentration with time, which also impacts upon the permeate and retentate 
concentrations. 
It is assumed that the tank is perfectly mixed, i.e. CF = CT. The feed, permeate and 
retentate flows are assumed to be constant, and it is assumed that the rejection is 
independent of the concentration of impurities. 
An overall balance around the feed tank gives: 
Q=F+dV 
dt 
Subsequent integration yields: 
V0 -V =(F-Q)t 
(6.10) 
(6.11) 
where Vo is the initial volume of fuel in the tank. A solute mass balance results in 
Equation 6.12: 
(6.12) 
d(C V) dC dV . 
__,__,F--'- =V __ F + C F- , so Equation 6.12 becomes: 
dt dt dt 
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Substituting Equations 6.10 & 6.11 for V and dV gives: 
dt 
2+S(R-1) 
From the stage-cut model, CQ = ACp, where A= ( ) , so: 
S 1-R +2(1-S) 
dC QACF = FCF +[V0 -(F-Q)t]-F +Cp(Q-F) dt 
From Equation 6.3, Q can be related to F and Sand hence: 
(6.13) 
(6.14) 
(6.15) 
(6.16) 
All variables have now been expressed in terms of Cp and t, hence Equation 6.16 can be 
integrated when rearranged into the form: 
t c, 
(1-S){l-A)J -FS dt=f-1 dCF 
S V0 -FSt CF 
(6.17) 
0 c, 
After integration: 
(1- S)(I- A) ln(V0 - FSt) = ln(CF) 
S V0 C0 
(6.18) 
(1-S)(l- A) Let B = , hence: 
s 
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(6.19) 
Which leads to the final expression: 
(6.20) 
The system performance over time can therefore be predicted based on rejection, stage-
cut, initial tank volume and initial solute concentration. The feed flow, F, can be 
calculated based on the stage cut, total operating time and total volume of permeate to 
be collected. 
An example of the permeate and retentate quality over time as predicted by this model 
is shown in Figure 6.18. 
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Figure 6.18 - Relative permeate (Cp/Co) and retentate (Cr/Co) quality over time, 
calculated for a 50% recovery. 
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It is shown that both the permeate and retentate qualities diminish over time, which is 
due to the build-up of impurities as a result of the re-circulation-mode of operation. 
Although this particular example represents an extreme case, it nonetheless highlights 
that for all the optimisation and improvements to the membrane separation step, the 
operating regime potentially has a greater effect on permeate and retentate quality. 
Revision to the model can be made with respect to the rejection. The example above 
considered all solutes to permeate the membrane to some extent, whereas in reality only 
a fraction of the total concentration will permeate the membrane in this manner. The 
solute/impurities should therefore be considered as in one of three categories for 
modelling purposes; non-rejecting, partially-rejecting and total-rejecting. Flux and 
rejection can be expressed in terms of pressure, allowing the model to be applied for a 
range of operating pressures. At present, application of the model to oxygenated fuels is 
only possible by numerical integration since the rejection is a non-linear function of 
alcohol concentration. With a greater understanding of the transport mechanisms for 
oxygenates the model may be able to be applied in this case. 
6.6 SUMMARY & CONCLUSIONS 
The effects of pressure, composition, degree of crosslinking and the addition of 
oxygenates on the filtration performance of gasoline fuels was shown to be consistent 
with model solvent/solute systems. The results obtained for model systems in 
Chapters 3 - 5 yielded several strategies for the optimisation and improvement of the 
membrane process, which have been demonstrated experimentally with real fuels. 
Higher permeate quality was obtained using membranes with a higher degree of 
crosslinking, although more area is required. By-passing streams which are naturally 
clean and of a high alkane composition was shown to benefit in terms of the required 
membrane area and the product quality. 
Although Chapter 4 showed that an estimation of the separation performance of the 
membrane could be obtained with a xylene permeance measurement, insufficient data 
exist to produce a correlation for gasoline fuels. Further experimental work is required 
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in this respect for membranes with varying degrees of crosslinking, and care must be 
taken to guarantee the quality of the fuel used for experiments. 
There were no effects of scale-up on the quality of the permeate, although there are 
potential effects regarding the overall flux. The flux obtained was well within the range 
identified in Chapter 4 for membranes with nominally identical degrees of crosslinking. 
Fuel treated in a large-scale apparatus showed that filtration with PDMS is a 
(technically) viable technique for upgrading gasoline quality. The results achieved 
through filtration were shown to be better than those for detergent-addition, the current 
alternative process. 
6.7 NOMENCLATURE 
A Absorbance 
c Concentration 
F m3/day Feed flow rate 
p m3/day Permeate flow rate 
Q m3/day Retentate flow rate 
R Rejection 
s Stage cut 
T day Time 
V m3 Tank Volume 
Subscripts 
0 Initial condition 
F Feed 
M Membrane surface 
p Permeate 
Q Retentate 
T Tank 
215 
Chapter 6- Real Fuels & Scale-up 
6.8 REFERENCES 
134 C.R. Millington, Shell Global Solutions. Personal Communication. October 2001. 
135 H.-H. Perkampus. UV-VIS spectroscopy and its applications. Springer-Verlag, 
Berlin, 1992. 
136 Shell Global Solutions, Technical Datasheet, March 2002. 
216 
Chapter 7- Summary & Conclusions 
CHAPTER 7- OVERALL SUMMARY AND CONCLUSIONS 
This chapter presents the key findings presented in the preceding chapters, and outlines 
areas and strategies for future study. 
It has been demonstrated that membrane technology is a viable means of upgrading 
gasoline quality with respect to engine inlet-system deposits. Membrane-treated fuel 
was shown to be cleaner than that resulting from the current alternative process 
(addition of detergent additives), with an improvement in exhaust-gas characteristics. 
The filtration behaviour of gasoline fuel in a pilot-plant environment showed very-good 
read-across to the behaviour of laboratory-scale solvent-solute systems. The key issues 
surrounding scale-up are the membrane area and the hydrodynamic conditions above 
the membrane surface. 
The permeation of solvents through the membrane is governed by two predominating 
factors; the degree of solvent-induced membrane swelling and the solvent viscosity. 
High fluxes are obtained when the degree of swelling is high and the solvent viscosity is 
low. For gasoline fuels, an improvement in flux can be obtained in four ways: 
I. Increasing the membrane area 
2. Increasing the trans-membrane pressure 
3. Decreasing the membrane thickness 
4. Reducing the degree of crosslinking in the PDMS material 
A further factor which may influence the flux is temperature, which has not been 
investigated in this study. Increasing the temperature will reduce the liquid viscosity and 
hence is likely to improve the obtained flux. Membrane-treatment of hot streams of 
diesel and kerosene may, for example, be the only realistic method by which these fuels 
can permeate through the membrane with economical fluxes. However, it is not known 
to what temperature the membrane is able to operate, nor what the economic impact of 
utilising higher temperatures may be. Future work could address these issues, along 
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with a study of the affect of temperature on solute rejection and the separation 
behaviour of polar substances. 
The rejection of low polarity solute cmhpounds (similar to those present in gasoline 
fuels) was found to be governed predominantly by a size-exclusion mechanism. The 
membrane, when swollen, was shown to exhibit the characteristics of a porous material. 
It is thought that transport takes place between the polymer chains of the PDMS 
material, and that the effective size of these regions is determined by the degree of 
solvent-induced swelling. Good-swelling solvents yield larger regions between the 
polymer chains and hence exhibit low solute rejection. Conversely, poor-swelling 
solvents result in more confined transport regions and thus exhibit high solute rejections 
relative to good-swelling solvents. The degree of swelling was characterised by the 
solubility parameter, 0, an approach that was verified experimentally. The ratio of solute 
size to the effective membrane pore size dictates the solute rejection. When the solute 
size is smaller than the membrane pore size, very little or no separation occurs during 
transport through the membrane, which is the case for the base components of a 
gasoline fuel. Solutes larger than the effective pore size are retained altogether, whereas 
solutes whose size is equivalent to that of the pores are partly retained. Solutes in this 
category appear to exhibit both convective and diffusive elements to their transport 
through the membrane. An improvement in the rejection of non-polar solutes can be 
obtained in a number of ways: 
1. Increasing the operating pressure 
2. Increasing the crossflow rate 
3. Increasing the degree of crosslinking of the PDMS material 
4. Using a poorer-swelling solvent 
Membrane thickness was shown to have a negligible effect on solute rejection. 
Increasing the degree of crosslinking results in a lower flux as well as a higher rejection, 
so in practice higher pressures or a larger membrane area are required in order to 
achieve the same flux. It was shown that a relationship exists between permeance and 
selectivity for different crosslinked membranes, although it is not known what are the 
limits of the relationship. Nonetheless, a simple xylene flux measurement allows the 
membrane to be characterised in terms of its potential selectivity, and is more effective 
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than the current nitrogen permeation technique. It is suspected that, at low degrees of 
swelling, the diffusive element of the transport mechanism becomes more predominant 
and may increase the range of solute compounds which may be separated. Future work 
could identify the technical limits of the degree of swelling, as well as the resulting 
economic impacts caused by lower fluxes. 
For polar substances such as alcohols, partial rejection was suspected to occur not 
because of size but because of swelling equilibria between the liquid mixture and the 
membrane material. The separation upon swelling the membrane yields secondary 
transport mechanisms that are thought to explain some of the observed experimental 
phenomena such as negative solute rejections and non-zero intercepts. Alcohol-
containing fuels are not suitable for membrane treatment due to the partial rejection of 
the alcohol, which impacts upon the octane rating of the fuel. Fuels which contain 
ethers can be upgraded using PDMS membranes because no separation of the ether 
occurs. The behaviour of polar substances was qualitatively investigated using existing 
swelling equilibrium models and newly-developed mechanistic transport models. Whilst 
the models are useful as interpretive tools for understanding the experimentally-
observed phenomena, they rely heavily on large amounts of experimental data and 
several assumptions. 
Future work could be concentrated on enhancing the models developed to-date, both in 
terms of their predictive capabilities and the amount of empirical data they require. 
Also, experimentally-determined swelling equilibrium data are desirable for the 
solvent/alcohol systems used in this study. It is envisaged that relatively large samples 
of PDMS will be required, whose degree of crosslinking are comparable to the thin 
membranes used here. In addition, PDMS nanofiltration may be an alternative to 
conventional distillation process, particularly where azeotropes are present. Future 
studies could evaluate the effectiveness of nanofiltration, both technically and 
economically in this respect. 
The project has yielded many findings related to the transport mechanisms and the 
industrial application, however all the work has been focussed on nanofiltration studies 
with PDMS. Now that the permeation mechanisms are more thoroughly understood for 
this membrane, alternative materials can be sought and assessed in terms of their 
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suitability for the filtration of gasoline and other fuels. Like PDMS, the candidate 
materials would require a relatively large 'free-volume' and solubility parameters in the 
region of 14 - 19 MPa05• Potential materials are, for instance, PVDF and PTMSP. 
Alternatively, techniques could be sought which will alter the degree of swelling of 
PDMS, without relying on the methods used by the manufacturers. Possibilities include 
the substitution of surface groups onto the surface on the membrane and changing the 
mode of operation. Surface groups will alter the value of 0, and large surface molecules 
may restrict the passage of certain compounds due to size exclusion. Pervaporation 
could be investigated instead of nanofiltration; one consequence of this will be a change 
in the degree of swelling due to the vacuum on the permeate-side of the membrane, 
which may act to change the base composition of the fuel. 
The transport and separation mechanisms identified in this study allow the technology 
to be applied to applications other than fuel filtration. The potential as an alternative to 
distillation has already been discussed, however PDMS membranes have potential 
applications in all processes involving organic solvents and solutes. 
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GLOSSARY OF TERMS 
AFM Atomic Force Microscopy 
barrer x10 10 cm3(STP).crnlcm2.s.cmHg 
CCD Combustion Chamber Deposit 
CD Convection-Diffusion 
DMA Dynamic Mechanical Analysis 
ETBE Ethyl-tert-butyl Ether 
Fuel Clean-up Membrane effectiveness based on UV-vis absorbance 
GC Gas Chromatography 
HP Hagen-Poisuelle 
IVD Inlet Valve Deposit 
kGy Kilo-Gray. Equivalent to 1 kJ/kg 
LPTU Liquid Permeation Test Unit 
MF Microfiltration 
MTBE Methy1-tert-buty1 Ether 
MWCO Molecular Weight Cut Off 
ND Normal Distribution 
NF Nanofiltration 
PAN Poly(acrylonitrile) 
PNA Poly-Nuclear Aromatic 
PD Pure-Diffusion 
PDMS Poly(dimethylsiloxane) 
RO Reverse Osmosis 
SD Solution-Diffusion 
SDI Solution-Diffusion-Imperfection 
SEM Scanning Electron Microscopy 
SK Spiegler-Kedem 
SRNF Solvent-Resistant Nanofiltration 
Swelling Ratio Ratio of the volume of swollen to dry polymer 
UF Ultrafiltration 
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Abstract 
This work examines the flux perfonnance of organic solvents through a polydimethylsi1oxane (PDMS) composite membrane. A selection 
of n-alkanes, i-alkanes and cyc1ic compounds were studied in deadend penneation experiments at pressures up to 900 kPa to give ftuxes for 
pure solvents and mixtures between 10 and 100 I m-2 h-1• Results for the chosen alkanes and aromatics, and subsequent modelling using 
the Hagen-Poiseuille equation, suggest that solvent transport through PDMS can be successfully interpreted via a predominantly hydraulic 
mechanism. It is suggested that the mechanism has a greater influence at higher pressures and the modus operandi is supported by the 
non-separation of binary solvent mixtures and a dependency on viscosity and membrane thickness. The effects of swelling that follow 
solvent-membrane interactions show that the relative magnitudes of the Hildebrand solubility parameter for the active membrane layer and 
the solvent(s) are a good indicator ofpenneation level. Solvents constituting a group (e.g. all n·alkanes) induced similar flux behaviours when 
corrections were made for viscosity and affected comparable swelling properties in the PDMS membrane layer. 
© 2003 Elsevier B. V. All rights reserved. 
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1. Introduction 
Transport mechanisms and process limitations are rela-
tively well understood for aqueous nanofiltration (NF) sys-
tems, and the majority of research has been performed in 
this area. A body of work has also been assembled on the 
use of membranes for the removal of suspended matter from 
organic solvents. However, the separation of organic solute 
compounds from organic solvents using membrane technol-
ogy has been addressed by very few workers, and little is 
known of the fundamental transport and removal mecha-
nisms. As a precursor this paper reports data for the trans-
port of solvents and mixtures through polydimethylsiloxane 
(PDMS) membranes, the former being a representative sim-
ulant for the feed to a new industrial process. 
PDMS membranes are dense materials used in perva-
poration, vapour permeation and gas separation processes. 
Recently, a number of workers have evaluated PDMS and 
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other dense membranes for use in non-aqueous nanofiltra-
tion applications such as homogeneous catalyst recovery 
and the de-acidification of vegetable oils. Researchers have 
studied and previously attempted to model the behaviour 
of organic solvents and polymeric membranes. Initial de-
velopment of thermodynamic theories was carried out by 
Paul and Ebra-Lima [I] as early as 1970 whereas studies 
of polymer-solvent interactions were documented by Flory 
[2] in the 1950s, and other workers since [3,4]. Two distinct 
processes have been reported for different membranes and 
operating regimes. The transport processes for high pres-
sure liquid systems in all areas from microfiltration (MF) to 
reverse osmosis (RO) are pressure-driven physical mecha-
nisms. Systems utilising dense membranes, such as perva-
poration, gas separation and vapour permeation are consid-
ered to be governed by chemical transport processes such as 
adsorption and diffusion. 
1.1. Physical transport 
According to Darcy's Law, physical or hydraulic trans-
port through membranes and other media with physical 
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pores is pressure-driven. For liquids, the flux behaviour can 
be described by the Hagen-Poiseuille equation for viscous 
flow: 
]=(:~:)(~;) (I) 
where J is the solvent flux, s the porosity, r the average pore 
radius, ~p the differential pressure across the membrane, p. 
the liquid viscosity, L the membrane thickness, and r the tor-
tuosity factor. Pore tortuosity, r, is normally defined as the 
ratio of the true length of the flow path and the straight-line 
distance between the beginning and end points [5]. In many 
cases, the pore geometry and geometry distribution are un-
known, so the tortuosity factor reduces to an adjustable 
parameter. 
For NF/RO membranes and aqueous systems the osmotic 
pressure, n, is conunonly used as a parameter in trans-
port equations. The water flux in reverse osmosis can be 
described by J "" (~P- ~m. however there is some de-
bate as to whether osmotic pressure is most applicable to 
non-aqueous systems. A preferential sorption-capillary flow 
model, as described by Kimura and Sourirajan [6], can be 
used to describe the transport mechanism in RO. The model 
assumes that solvent and solute transport takes place in 
pores, and that the solvent is preferentially adsorbed onto the 
pore walls, with solute rejection taking place at the mem-
brane surface. For non-aqueous systems, possible interac-
tions between the solvent and polymeric membranes have 
lead to the development of alternative transport equations. 
Machado et al. [7] proposed a resistance-in-series model 
to describe the flux of organic solvents through compos-
ite polymeric membranes. Three significant resistances to 
mass transport were identified as viscous flow in the mem-
brane top layer, viscous flow in the porous support and 
hydrophilic/hydrophobic resistances. The resulting equation 
for solvent flux is: 
1= ~p 
•W~Y +ftp.)+ fzp.] (2) 
where 4> is a single parameter incorporating the membrane 
characteristics (porosity, tortuosity, thickness), ~y is the 
surface energy difference between the membrane and sol-
vent and /1 and h are constants incorporating the individ-
ual mass transfer coefficients and pore radii. The model 
predicts that hydrophobicity plays an important role in sol-
vent flux; polar solvents (those with a high surface tension) 
are expected to have a low flux through hydrophobic mem-
branes, and a high flux through hydrophilic membranes. 
Zwijnenberg et al. [8] also report the importance of the sur-
face energy difference in a study of polar and non-polar 
solvents with hydrophilic membranes. Permeation through 
the membrane pores is only possible when the difference 
in surface energy can be overcome by the applied pressure. 
Bhanushali et al. [9] have shown that solvent surface tension 
is inversely proportional to flux for hydrophobic membranes, 
as polarity of organic solvents is strongly related to surface 
tension. 
1.2. Chemical transport 
In pervaporation, gas separation and vapour permeation 
with dense membranes, chemical transport mechanisms 
are considered predominant. The favoured concept is the 
solution-<liffusion model first proposed by Lonsdale et al. 
[10], where transport occurs by a substance dissolving in 
the membrane and diffusing through it. The separation 
potential of the membrane is therefore determined by differ-
ences in solubility and diffusivity (see Wijmans and Baker 
[11]). 
Many workers have studied the sorption and diffusion 
behaviour of solvents with PDMS membranes, with both 
sorption and diffusion being the principal rate-determining 
step(s) depending on the solvent-polymer system. Sorption 
of solvents in polymers is non-ideal [12,13], i.e. Henry's 
Law does not apply. The 'Hildebrand solubility parameter', 
8, is one method of estimating the affinity of a solvent for 
a particular polymer [14]. The parameter takes into account 
hydrogen-bonding, polar and dispersive effects, and can be 
assigned to both solvents and polymers from their molecular 
structures and chemical groups. Solvents and polymers with 
a similar value of Hildebrand parameter would be expected 
to interact strongly, whilst those with dissimilar values would 
not. Such an approach has been verified by Bhanushali et al. 
[9], in a study of the sorption behaviour of a range of solvents 
in PDMS. 
An alternative approach to non-ideal solubility is the 
Flory-Huggins theory, which relates the activity of a pen-
etrant inside a polymer to the degree of swelling and a 
semi-adjustable interaction parameter. Flory-Huggins the-
ory predicts sorption behaviour of many organic solvents 
into PDMS-like membranes [15], although polar solvents 
such as alcohols require a more sophisticated approach 
[16]. The diffusion of penetrant molecules through polymer 
networks can be ideal (Fickian) or non-ideal (non-Fickian). 
Substances with a low solubility in a membrane will gener-
ally exhibit Fickian diffusion, whereas high concentrations 
of penetrant will yield non-ideal behaviour [17]. Whether 
a membrane is in a glassy or rubbery state can also in-
fluence the diffusive behaviour of a penetrant, with the 
'free-volume' of rubbery polymers being an important factor 
[18]. 
In conclusion, literature suggests that the transport mech-
anisms for PDMS are dependent on the system operational 
parameters rather than the material itself. Gas separation, 
pervaporation and vapour permeation processes utilising 
PDMS membranes are generally well described by the 
solution-diffusion model, whereas the same membranes 
used for high-pressure solvent permeation processes can be 
modelled with both Darcy' s Law and the solution-<liffusion 
model. 
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2. Experimental 
2.1. Materials 
The membranes used in the current study were radia-
tion cross-linked PDMS-polyacrylonitrile (PAN) compos-
ites supplied by GKSS Forschungszentrum. The nominal 
PDMS thickness was 2 J.Lm, and an 02/N2 selectivity 
of 2.2 was reported for the membranes [19). When re-
ceived, the N2 permeance was checked and found to 
be 280 ± 10 barrer (2.13 x to-Bm2s-1 kPa- 1), assum-
ing the nominal 2 J.Lm thickness to be representative. 
02/N2 selectivity and pure nitrogen permeation data con-
firmed the selective layer in the membrane to be PDMS 
[20]. 
PDMS thickness was verified by SEM images of the 
membrane cross-section as shown in Fig. 1. In order for 
the true cross-section to be viewed, the membrane was 
freeze-fractured to eliminate artefacts of the cutting blade. 
A number of SEM images showed the thickness to be 
largely consistent at 2 f.Lm, but variations between 1.5 and 
3 J.Lm were noted in some places. 
The solvents used in the study were n-hexane, n-heptane, 
cyclohexane and xylene (mixture of isomers) as supplied 
by Sigma-Aldrich. Methanol and ethanol were obtained 
from Fisher Scientific and isomeric alkanes were supplied 
by Shell Global Solutions. These compounds comprise 
representative simulants of those found in the industrial 
process to which the study relates. The compositions of 
the solvents were detenmined by gas-chromatography, 
and their densities and viscosities calculated from pure 
component data at 20 °C. The isomeric alkanes com-
prised i-hexane (98% 3-methylpentane), i-heptane (95% 
3-methylhexane) and i-octane (99% 2,2,4-trimethylpentane). 
The viscosity of a mixture (/1-m) was calculated using 
a well established expression for hydrocarbon liquids 
Fig. 1. 1\venty kilovolt SEM cross-section image showing a 2 )J.m PDMS 
layer on the PAN substrate. 
Feed/OuUet 
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Fig. 2. Schematic of the flat-sheet membrane module. 
[21): 
Mm= (tx,fJ-V3) 3 
r=l 
(3) 
where /1-i is the individual component viscosity and x; the 
mole fraction. 
2.2. Test apparatus 
Solvent flux was measured using the membrane module 
shown schematically in Fig. 2. The module comprised two 
stainless steel discs of !50 mm diameter and 20mm thick-
ness. The bottom plate was milled such that a 75 mm di-
ameter sintered plate fitted flush with the top surface. The 
flat-sheet membrane was cut into a disc to overlap the sin-
tered plate by 10 mm. A 3 mm thick PTFE gasket was placed 
over the top to clamp the membrane in position, facilitate 
a hydraulic seal and provide space between the membrane 
and top plate to be filled with liquid. Inlet/outlet channels on 
the top plate allowed the module to operate in both deadend 
and cross-flow modes. 1 
The solvents were supplied to the module with the ap-
paratus shown in Fig. 3. Compressed nitrogen was used 
to pressurise the reservoir and force the solvent through a 
dip-tube out of the reservoir to the membrane module. Pres-
sures were measured via a gauge mounted in the solvent 
reservoir that was calibrated at frequent intervals using a 
commercial Druck DPI 603 calibration apparatus. As all ex-
periments reported in this paper were carried out in dead-
end mode, the pressure in the reservoir corresponded to that 
above the membrane surface. 
I The cross-flow mode has been used in solute rejection work that is 
reported elsewhere [28]. 
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Fig. 3. Schematic of the solvent permeation apparatus. 
2.3. Experimental method 
Before commencing a permeation experiment, the valve 
on the membrane module outlet was opened fully, and a 
small pressure applied to the fluid in the reservoir to bleed 
excess air from the system. One hundred millilitres of sol-
vent was then run through the module to remove remaining 
gas and to flush away any residual solvent from the previ-
ous test. The module exit valve was then closed, and the 
pressure increased to the test value between 10 and 900 kPa; 
the lower pressure ranges, although outside those normally 
used in NF, were investigated to provide more relevant in-
formation as the study relates to a process operating within 
the stated pressure range. The permeate was left to drain for 
IOmin to establish a steady-state before being collected in a 
narrow-necked flask. Experiments were given enough time 
to allow approximately I 00 m! of solvent to permeate the 
membrane. Permeation rate was measured by weighing the 
collected permeate after a specified time. 
When transferring between different solvents, 500 m! of 
the new solvent was run through the reservoir and the module 
to flush away unwanted residue. 
2.4. Repeatability 
Three samples of PDMS membrane were used to obtain 
the results reported in this paper. n-Heptane was employed 
as a 'standard' solvent to establish a datum baseline where 
(for fixed operating conditions) the tlux between different 
membranes varied by ±10% whereas measurements of flux 
through individual membranes varied by ±2% over periods 
of use spanning several days. Whether a membrane was 
stored in a swollen-state or allowed to dry had no noticeable 
impact on tlux performance and no special handling was 
required to maintain the permeation/separation capability 
of the original membrane. No appreciable degradation in 
membrane performance was noted for the range of solvents 
tested. 
To account for the different membranes and associated 
variability, the flux-pressure relationship for n-heptane was 
initially determined. n-Heptane fluxes were also measured at 
300, 600 and 900 kPa before the flux-pressure relationship 
of a new solvent was recorded. The ratio of solvent flux: 
n-heptane flux was calculated in each series of experiments, 
and that ratio used to calculate the solvent flux based on the 
original n-heptane data. This re-calculation enabled solvent 
tluxes to be accurately compared. 
3. Results and discussion 
The data reported here are representative, other similar 
data have been acquired to confirm those shown. 
3.1. Pure solvents 
The flux of alkanes and aromatic solvents ranged from 
10-IOOlm-2 h-1 depending on the solvent and pressure 
used. Methanol and ethanol, however, had much lower tluxes 
due to unfavourable interactions with the membrane that 
could not be accurately quantified because the evaporation 
rate from the permeate collection beaker was significant 
compared to the tlux. No further attempt was made to mea-
sure alcohol fluxes, instead it was estimated that pure alco-
hol flux is around two orders of magnitude lower than that 
of alkanes. 
Fig. 4 shows typical flux measurements at pressures of 
300-900 kPa for n-hexane and cyclohexane. Least squares 
regression of the data yielded linear relationships over the 
tested pressure range. In all cases, however, the regressed 
line for n-alkane, i-alkane and cyclic solvents failed to pass 
through the origin on the flux-pressure plot and always 
exhibited a positive intercept on the y-axis between 1.1 and 
3.2lm-2 h- 1• These values do not necessarily represent 
a physical effect, i.e. a measurable flux at zero pressure, 
rather they are indicative of non-linear behaviour over the 
available pressure range up to 900 kPa. Table I shows 
gradients and intercepts of the regressed tlux-pressure rela-
tionships for all tested solvents in the 300-900 kPa pressure 
range. 
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Fig. 4. Flux-pressure relationship for n-hexane and cyclohexane. 
Table 1 
Gradients and intercepts of the flux-pressure relationship in the 
300-900kPa range 
Solvent Gradient (xto-2lm-2h-1 Intercept 
(kPa)-1) (lm-2h-1) 
n-Hexane 8.41 2.53 
n-Heptane 7.00 2.49 
i-Hexane 7.80 3.17 
i-Heptane 6.25 2.23 
i-Octane 4.66 1.56 
Cyclohexane 3.66 1.10 
Xylene 4.90 1.74 
To evaluate flow resistance of the PAN substrate alone, 
samples were obtained from GKSS and permeation exper-
iments performed with n-heptane and xylene gave fluxes 
of 3.85 and 2.38lm-2 h-1 kPa-1, respectively. These are 
approximately two orders of magnitude higher than corre-
sponding measurements with the composite membrane (see 
Table I) and the substrate appears to have a negligible im-
pact on overall flux performance. Linear regression of the 
flux-pressure data for the PAN layer did not yield a positive 
y-axis intercept as was the case for the PDMS-PAN com-
posite. The result suggests that solvent transport through the 
PAN occurs via a single mechanism and that any structural 
changes in the layer have a negligible effect on flux levels. 
This in turn infers that the behaviour observed in Fig. 4 (and 
others) is due exclusively to the presence ofthePDMS layer. 
Further investigations were carried out with xylene and 
n-heptane at lower pressures. The apparatus in Fig. 3 
was modified by the addition of a second regulator and a 
0-250 kPa pressure gauge that enabled detenninations of 
flux behaviour at pressures as low as 10 kPa. The results for 
xylene are presented in Fig. 5, where a deviation from the 
300-900 kPa trend is apparent. Fig. 6 shows corresponding 
low and high pressure data for n-heptane where there is 
much less distinction between the two regions. From the 
complete data set obtained with all solvents a transition in 
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Fig. 5. Flux-pressure relationship for xylene at high and low pressures. 
the flux-pressure relationship was apparent at pressures in 
the region of 300-350 kPa. Although the perceived differ-
ences in gradient could be small and perhaps insignificant, 
for instance on Fig. 6, regression analysis showed that two 
distinct relationships invariably offered a better correlation 
than a single line. In Fig. 5, for example, a regression using 
all the data yields a correlation coefficient, R2 = 0.9786. 
It is noted in passing that for an experiment performed 
with no applied nitrogen pressure and just a 10 cm head of 
solvent, corresponding to a pressure of 0.7kPa, no readily 
detectable solvent flux was obtained. 
To the knowledge of the authors sintilar data to those 
shown in Figs. 4-6 have not been explicitly highlighted by 
other workers, although some appear to have overlooked 
or disntissed sintilar results. Although Bhanushali et al. [9] 
report a zero intercept for various solvents and a PDMS 
membrane at pressures from 500-5000 kPa, several of their 
datasets can be reinterpreted in a manner sintilar to that 
shown on Fig. 5. Gibbins et al. [22] report that steady-state 
methanol permeations through a STARMEM 122 membrane 
70 
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5 
·s 40 
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Fig. 6. Flux-pressure relationship for n-heptane at high and low pressures. 
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obey Darcy's law at pressures up to 6000 kPa. A signifi-
cant number or their results don't support this conclusion 
as correlations to the flux-pressure data can be readily 
interpreted to have a non-zero intercept of between 20 
and 40lm-2h-1. Scarpello et al. [23] studied solvent flux 
through a range of organic nanofiltration membranes at 
pressures of 1000-4000 kPa and reported a zero intercept. 
In a further experiment by the authors, a sample of the 
membrane with an identical PAN substrate and a 10 fLm 
thick PDMS layer was obtained from GKSS. Although the 
different thickness will inevitably lead to some variation 
in the extent of radiation induced cross-linking, the linear 
regressed gradient and intercept of the flux-pressure rela-
tionship with n-heptane were reduced to approximately one 
fifth of those obtained for the membrane with the 2 11m 
PDMS layer. 
There are several potential explanations for the results 
shown in Figs. 4-Q. Experimental error was eliminated as 
no discrepancy in the experimental technique or fault in the 
testing apparatus could be identified, and many repeated ex-
periments, as well as other data, confirm the results shown 
in this paper. One possible consideration is membran~ c?m-
paction. Although pressures in the present study were !muted 
to 900 kPa, it seems unlikely that a step change in membrane 
structure would occur at pressures of 300-350 kPa and then 
no further compaction occur (as evidenced by the linearity 
of the flux-pressure graphs from 30(}..900 kPa). Another 
potential explanation is that two distinct mechanisms are in 
operation, namely hydraulic and chemical transport. Since 
PDMS membranes have been found to allow sorption and 
diffusion of organic solvents in pervaporation and vapour 
permeation [24,25], it is reasonable to assume that these 
diffusive processes can occur in nanofiltration. In some 
studies with PDMS membranes workers have found that 
flux is a function of solvent viscosity [7,9), which may im-
ply a form of hydraulic transport mechanism. Contrary to 
this, others researchers have found that chemical transport 
via the solution-diffusion mechanism is prevalent [1,26]. 
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Fig. 7. Application of the Hagen-Poiseuille model for all solvents tested. 
Table 2 
Solvent physical properties (taken from published data and estimations 
[211 at 20'C) 
Classification Solvent Density Viscosity 
(kgm-3) (x10-3Pas) 
Straight-chain alkane n-Hexane 660 0.32 
n-Heptane 681 0.40 
Bmnched alkane i-Hexane 653 0.27 
iMHeptane 678 0.34 
iMOctane 692 0.46 
Cyclic alkane Cyclohexane 779 0.95 
Cyclic aromatic Xylene 861 0.65 
It is possible that a combination of hydraulic and chemical 
solvent transport exists with PDMS membranes. 
The data presented in Figs. 4-Q (and later in Figs. 7, 9 and 
10) are not intended to promote or degrade a particular the-
ory, however, in the opinion of the authors the reported data 
suggest that a PDMS membrane can behave, and be mod-
elled, as if it had physical pores. To be consistent with this 
interpretation, and thus obey the Hagen-Poiseuille model 
[9), from Eq. (I) a plot of flux against (I!.Pf JL) would be 
expected to yield a straight line with gradient (er2 j8Lr). 
Fig. 7 shows such a plot for all tested solvents and Table 2 
reports relevant densities and viscosities. It is evident that 
three distinct correlations exist. n-Alkanes and i-alkanes 
show different but consistent gradients, whereas the two 
cyclic compounds lie on the same regression line, albeit 
with a higher gradient than that recorded for the n-alkanes. 2 
Cyclohexane, a cyclic alkane, does not obey the same trend 
as the other alkanes, probably due to the different molecu-
lar shape. The data indicate that apparently similar solvents 
affect their own membrane properties, that is their own 
specific value of (er2 f8Lr:). This is a somewhat surpris-
ing result as PDMS is a dense membrane with no defined 
porous structure, yet 'solvent groups' can be interpreted to 
behave as if the membrane has pores, which in turn infers 
a hydraulic solvent transport mechanism. 
The specific gradients observed for each solvent group are 
a consequence of the unique swelling effects of the different 
solvents. As noted, the relative magnitudes of the Hi! de brand 
solubility parameter ( 8) are indicative of the swelling propen-
sity of PDMS, and the relationship between the gradient 
from the Hagen-Poiseuille plot, (er2 f8Lr), and 8 is shown 
in Fig. 8. Although solvents with a limited range of 8 are 
shown, Fig. 8 indicates that a solvent with a higher value of 8 
generally exhibits a steeper gradient on the Hagen-Poiseuille 
2 In terms of actual solvent flux. the measured values for the cyclic 
alkanes were always lower than the ftuxes recorded for i~ and nMalkanes 
at equivalent pressures. On Fig. 7 the viscosity correction (on the xMaxis) 
results in the datapoints for the cyclic alkanes lying above the other 
data. Measured ftuxes for the iMalkanes were between those of the cyclic 
and nMalkanes. These data correspond to the relative magnitudes of the 
Hildebrand solubility parameters for the PDMS membrane layer and the 
specific solvent. 
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Fig. 8. Effect of swelling on the gradient of the Hagen-Poiseuille plot. The 
dotted line represents the solubility parameter of PDMS, 15.5 (MPa)112. 
Values of 0 are taken from [14]. 
plot. However, given the low recorded fluxes for methanol 
(8 = 29.2) and ethanol (8 = 26.5) with the membrane, the 
plot may be misleading as solvents exhibiting significantly 
higher 8 will also generate much lower values for (er2 /SL r) 
and a maximum is likely to be recorded for an intermediate 
value of 8. 
3.2. Solvent mixtures 
The flux behaviour of two binary, cyclic/straight-chain 
solvent systems, n-heptane/xylene and n-hexane/cyclohex-
ane, was also investigated. In all cases, the measured fluxes 
of the n-alkanes were higher than those for the cyclic com-
pounds at equivalent pressures (as would be expected from 
comparisons of 8 values), and no change in the composi-
tion of the solvent mixtures was detected following pas-
sage through the membrane. These results could be inferred 
to support a hydraulic transport mechanism as identified in 
60 
50 
~ 40 
e 
~ 30 
20 
10 
o xylene 
c 70"k xylene, 30% heptane 
IJ.. 35% xylene, 65% heptane 
• n-heptane 
0~--~~~==~==~ 
0 2 4 6 8 
M't~ (do' hr1) 
Fig. 9. Hagen-Poiseuille model for the xylene/n-heptane binary solvent 
system. R2 value calculated with the n-heptane data omitted 
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Fig. 10. Hagen-Poiseuille model for the n-hexane/cyclohexane binary 
solvent system. R2 value calculated with the n-hexane data omitted. 
Fig. 7. The non-separation of solvent mixtures is in agree-
ment with the data of Paul et al. [26] and Machado et al. (7]. 
The flux behaviour of the two binary systems was mod-
elled with Eq. (I) as shown in Figs. 9 and 10. For both sol-
vent systems, intermediate mixtures followed the same trend 
as for the cyclics (cyclohexane and xylene), with the pure 
straight-chain alkanes outlying the rest of the data. Since the 
chemistry of the cyclic compounds is quite different the ef-
fect is likely to be influenced by their cyclic shape. Bowen 
and Welfoot [27], working with aqueous NF systems, have 
suggested that straight chain molecules are able to become 
more ordered when permeating through a confined space 
(such as the transport region within PDMS) and increase 
their viscosity, particularly close to pore walls. In MF and 
UF the membrane pore size is much greater than the molec-
ular dimensions of the permeating solvent. However, the 
same cannot be said of NF, and it is plausible that the trans-
port regions within the membrane are of the same order of 
size as the solvent molecules. Viscosity increases of 10% for 
n-heptane and 30% for n-hexane would be required to pro-
duce the deviations shown in Figs. 9 and 10. Alternatively, 
the deviations are more likely to be due to differences in the 
swelling of the PDMS membrane layer. Given the nominal 
2 JLm thickness ofPDMS on the membrane, and the inherent 
problems of producing much thicker samples with an iden-
tical amount of radiation induced cross-linking on which 
measurements may be possible, the degree of swelling in the 
PDMS layer is currently difficult to quantify with sufficient 
accuracy.3 Swelling of PDMS in the presence of solvent is 
3 If the Hagen-Poiseuille model correctly predicts the presence of 
pores in the PDMS layer then it is theoretically possible to calculate 
an avemge pore size from, for instance. the gradient of the plots in 
Figs. 7, 9 and 10. However. the porosity and tortuosity are unknown 
variables and swelling is likely to change the layer thickness (which may 
also be a function of pressure) and lead to unreliable calculations. Pore 
size estimates are possible from rejection measurements and data for a 
9.10-diphenylanthracene solute indicate mean pore sizes between 1.88 
and 7.97nm depending on the solvent and model used [28]. 
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qualitatively well documented and the inference from Fig. 10 
(in particular) is that the degree of swelling imparted by 
the 50% cyclohexane/50% n-hexane mixture is very sim-
ilar to that due to the cyclohexane solvent alone. This in 
turn suggests that the degree of swelling induced by the 
cyclic/straight-chain mixture is non-linear with composition. 
A threshold fraction of the (greater swelling) straight-chain 
solvent is required to produce similar behaviour to that of 
the pure solvent. Although not directly comparable, Yoo 
et al. [4] have demonstrated non-linear swelling behaviour 
with mixtures of n-hexane/acetone and n-hexane/ethanol in 
PDMS and further data for the binary solvent systems used 
in this study are currently being acquired by the authors. 
4. Conclusions 
It is suggested that the transport of a range of alkane 
and aromatic solvents through a PDMSIPAN compos-
ite membrane can be successfully interpreted using the 
Hagen-Poiseuille equation. The PDMS membrane layer 
behaves as if physical pores are present to an extent de-
pendent on the degree of solvent induced swelling. At 
pressures above ~300kPa solvent transport can be consid-
ered to occur by a hydraulic mechanism, whereas below 
this threshold level a second mechanism is also more ap-
parent and may involve a combination of sorption and 
diffusion. The non-separation of solvent mixtures passing 
through the membrane and a dependency on viscosity and 
membrane thickness support a hydraulic mechanism, how-
ever, the authors recognise that flux levels predicted by the 
solution-diffusion model can also account for these param-
eters to varying degrees. Whilst more work is undoubtedly 
required to fully justify the hypothesis proposed sufficient 
data have been obtained to warrant that investigation and 
hence deepen overall understanding. 
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EVIDENCE FOR SWELLING-INDUCED PORE STRUCTURE 
IN DENSE PDMS NANOFILTRA TION MEMBRANES 
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A dense polydimethylsiloxane (PDMS) membrane was used to assess the flux and separa-
tion performance of a range of solutes (e.g. poly-nuclear aromatics and organometallics) 
and organic solvents (e.g. heptane and xylene). Solvent flux was modelled with the 
Hagen-Poiseuille equation and found to fit well with the degree of swelling influencing 
the effective pore size and porosity of the membrane. 
The rejection mechanism for low-polarity solutes was found to be predominantly size ex-
clusion. The rejection varied with solvent type and rejections were higher in poorer-
swelling solvents. For instance, the rejection of 9,10 Diphenylanthracene was 2% in a 
pure heptane solvent compared with 15% in xylene. It is postulated that dense PDMS 
membranes exhibit the characteristics of a porous structure when swollen with solvent, 
and that the degree of swelling impacts on the separation performance of the membrane. A 
comparison between the Hildebrand solubility parameters for the PDMS membrane and 
the challenge solvent was found to be a good indicator of flux/rejection behaviour. 
Keywords: Nanoftltration, membrane, PDMS, non-aqueous, solute rejection, polymer 
swelling. 
INTRODUCTION 
Nanofiltration (NF) is a process largely associated with 
aqueous systems such as the purification of drinking water. 
In recent times the feasibi1ity of using polymeric NF 
membranes for non-aqueous systems has been explored. 
examples include the recovery of organometallic catalysts 
from organic solvents1 and the de-acidification of vegetable 
oils2• The initial development of thermodynamic theories 
was carried out by Paul and Ebra-Lima3 as early as 1970 
whi1st studies into polymer-solvent interactions were 
documented by Flory4 in the 1950s and since by others5.6. 
Newer work has attempted to enhance the understanding of 
both hydraulic (physical) and chemical transport 
mechanis:ms as well as solute rejection. 
When hydraulic transport is the predominant mechanism. 
viscous liquid flow through a membrane (and other porous 
media) is pressure dependent and described by the Hagen-
Poiseuiile equation: 
where J is the flux., e the porosity, r the average pore ra-
dius, M' the differential pressure across the membrane, fl the 
liquid viscosity, L the membrane thickness and r the tortu-
osity factor. Equation (1) can be sub-clivided into membrane 
properties (porosity, membrane thickness etc.) and system 
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parameters (pressure and viscosity). Under the viscous flow 
regime liquid mixtures witl not undergo separation unless 
there are significant interactions between a particular com-
ponent and the membrane. In the wider context, Zwijnen-
berg et al. 2 demonstrate the importance of surface energy for 
both polar and non-polar solvents with hydrophilic mem-
branes. Penneation through membrane pores is shown to be 
possible only when the difference in surface energy can be 
overcome by the applied pressure. Bhanushali et a/.7have 
also shown that solvent surface tension is inversely propor-
tional to flux for hydrophobic membranes as the polarity of 
organic solvents is strongly related to surface tension. 
With chemical transport, the solution-diffusion concept first 
proposed by Lonsdale et al. 8 is favoured. The passage of a 
substance occurs via a dissolution-diffusion mechanism such 
that the separation potential is determined by differences in 
solubility and diffusivity', the sorption process generally 
being non-ideal10•11• A worthy alternative approach is the 
pore-flow model, where even the densest membrane is mod-
e1led as a porous structure through which solvent transport 
takes place. The Hildebrand solubility parameter, t5, is one 
method of estimating solvent affinity for a particular poly-
mer12. The parameter takes into account hydrogen.bonding, 
polar and dispersive effects, and can be assigned to both 
solvents and polymers from their molecular structures and 
chemical groups. Solvents and polymers that exhibit similar 
values of Hildebrand parameter are expected to interact 
strongly to give high solubility of the solvent in the polymer 
©Filtration Solutions ROBINSON et al. 
and hence significant polymer swelling. Such concepts have 
been assessed by Bhanushali et al. 7 who found that solvents 
with 0= 15.5 (MPa)v.. cause PDMS membranes, which have 
a similar value of 0. to swell the most, with a maximum 
solubility of -2 g solvent per g of polymer. 
The rejection of organic solutes from organic solvents with 
polymer membranes has been addressed by relatively few 
workers. Scarpello et al. 1 studied organometallic solutes in a 
range of solvents with an MPF-50 membrane similar to 
PDMS and found that rejection increased with pressure, a 
phenomenon predicted by the solution-diffusion model. 
Gibbins et al.1 also report an increase in rejection with pres-
sure, and found that rejection increased with solute molecu-
lar weight. The results of Gibbins favour the pore-flow 
model, as their measured solute flux was x 1000 that pre-
dicted by the solution-diffusion model. Y ang et al. 14 in a 
study with aromatic dyes found rejection to vary according 
to the solvent used, and that the manufacturer specified mo-
lecular weight cut-off (MWCO) detennined for the mem-
brane with aqueous media is not valid for organic solvents. 
Increasing rejection with pressure and molecular weight, and 
solvent-specific rejections were also reported by van der 
Bruggen et al. 1' and Koops et al. 16, the latter employed cel-
lulose-acetate membranes rather than the silicon-based 
membranes studied by other workers. 
In conclusion, whilst some workers have found rejection 
data to be in agreement with the solution-diffusion model, 
others studying similar systems have found the pore-flow 
model to be a better descriptor. It is possible that a 
transitional mechanism exists in non-aqueous NF systems. 
In the current study a range of solutes in non-polar solvents 
have been used to investigate flow/rejection behaviour with 
the aim of clarifying understanding. 
EXPER~ENTALPROPERTlliS 
AND PROCEDURES 
Membrane 
PAN (Polyacrylonitrile)/PDMS composite membranes with 
a nominal PDMS thickness of 2 llJil were used for the study 
(see Figure I and Table 1). When received, the N2 penne-
ability was checked and found to be 280 ± 10 barrer assum-
ing the nominal 2 llJil thickness to be representative. An Ozl 
Nz selectivity of 2.2 has previously been reported for the 
membrane17 and data related to Oz/Nz selectivity and pure 
nitrogen penneation verify that the selective layer in the 
membrane is PDMS18• 
Solvent Gradient x 10"' Intercept 
(]m·' hr"1 lkPaY1\ 11 m·' hr1) 
n-hexane 8.41 2.53 
n-hentane 7.00 2.49 
i-hexane 7.80 3.17 
i-heptane 6.25 2.23 
i-octane 4.66 !.56 
cyclohexane 3.66 1.10 
xvlene 4.90 1.74 
Table 1: Gradients and intercepts of the flux-pressure 
relationship for the solvents studied. 
Figure 1: Freeze fractured membrane cross-section showing a 
nominal 2 ~m PDMS layer on the PAN (Polyacrylonitrile) sub-
strate - measured layer thickness could vary between l.S and 3 J.tm 
for different membrane samples. 
Solvents and Solutes 
Alkane and aromatic solvents, and organometallic and poly-
nuclear aromatic (PNA) solutes, were chosen to be 
representative of those found in the industrial processes of 
interest. n-hexane. n-heptane, cyclohexane and xylene were 
obtained from Sigma-Aldrich Ltd. Branched isomeric 
alkanes, i-hexane, i-heptane and i-octane were supplied by 
Shell Global Solutions. Solute compounds were obtained 
from Sigma-Aidrich, Fisher Scientific and Strem Chemicals 
and selected on the basis of their solubility, molecular 
weight and abundance. A further (secondary) criteria was 
the ease with which their concentration in a particular 
solvent could be detennined using spectrometric techniques. 
The chemical structures of the chosen solutes are shown in 
Figure 2 and other relevant data are presented in Table 2. 
Apparatus 
A schematic of the membrane module is shown in Figure 3. 
The module comprised two stainless steel discs, each of 150 
mm diameter and 20 mm thickness. The bottom plate was 
milled to accommodate a 75 mm diameter sintered plate that 
fitted flush with its top surface. The flat-sheet membrane 
was cut into a 95 mm disc and positioned upon the sintered 
plate. A 3 mm thick P1FE gasket was placed over the top to 
clamp the membrane in position, produce a hydraulic seal 
and provide a space between the membrane and top plate 
that was subsequently filled with the solvent/solute combi~ 
nation. Inlet/outlet channels on the top plate allowed the 
module to operate in either a deadend or crossflow configu~ 
ration. 
When assembled. the membrane module was connected to a 
compressed nitrogen supply through a reservoir containing 
the feed solution. To progress a separation, the reservoir was 
raised to a known and constant pressure to promote liquid 
flow (via a dip-tube) into the membrane module. Crossflow 
rate was controlled by adjusting the valve on the retentate 
outlet of the membrane module. The permeate and retentate 
were kept separate throughout an individual experiment. 
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Experimental Methods 
Pure solvent flux was measured in the deadend mode of 
operation, with two membrane samples being used to 
perform a11 experiments. Before commencing permeation 
experiments, the valve on the membrane module outlet was 
opened fully, and a small pressure applied to the fluid in the 
Iron (Ill) Acetylacetonate 9,10 Diphenylanthracene Ferrocene 
cco 
Anthracen.e Acenaphthene 
Copper (11) Naphthenate Iron (Ill) Napllthenate 
Figure 2: Structures of the chosen solute compounds, 
R denotes an alkyl groups. 
Material Classification 
PDMS polymer 
n·hexane straight chain alkane 
n-heptane straight chain alkane 
i-hexane branched alkane 
i-heptane branched alkane 
i-octane branched alkane 
Cyclohexane cyclic alkane 
Xylene cyclic aromatic 
Water 
-
Ethanol alcohol 
Iron (Ill) Acetylacetonate OM 
9,10 Diphenylanthracene PNA 
Ferrocene OM 
Anthracene PNA 
Acenaphthene PNA 
Iron (Ill) Naphthenate OM 
Copper (11) Naphthenate OM 
reservoir to bleed any excess air from the system. 100 ml of 
solvent was then run through the membrane module to 
remove any remaining gas and flush away any residual 
solvent from the previous test. The module exit valve was 
subsequently closed, and the pressure increased to the test 
pressure. The permeate was left to drain for 10 mins. to 
establish a steady-state before being collected in a narrow· 
necked flask. Experiment duration was sufficient to allow 
approximately 100 ml of solvent to permeate the membrane. 
Permeation rate was determined by weighing the collected 
permeate at specified time intervals. 
Feed/Outlet 
Channels 
Sintered Disc 
(Membrane 
sits on top) 
0 0 
0 0 
Permeate ----=::=:n---Outret 
0 
Figure 3: Schematic of the flat.sheet membrane module. 
Molecular Viscosity at 2crc Hildebrand solubility 
weight (Pas) parameter (MPa0,) 
- -
15.5 
86 0.00032 14.9 
100 0.00039 15.3 
86 0.00027 14.3 
100 0.00034 14.4 
112 0.00046 14.6 
84 0.00095 16.8 
98 0.00065 18.2 
18 0.00114 47.5 
46 0.00115 26.5 
353 - -
330 
- -
186 
- -
178 
- -
!54 
- -
467 
- -
612 
- -
Table 2: Classification and properties of test materials (PNA ~poly-nuclear aromatic; OM~ organometallic). 
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Solute rejection experiments were performed using a similar 
general approach. However, in this case the module exit 
valve was opened to permit a small crossflow (-20 ml min"1) 
and stop the undesirable build-up of solute within the 
immediate vicinity of the membrane surface. Crossflow rate 
was adjusted to achieve a stage-cut of 20-25 %. Rejection 
data were obtained with n-heptane and xylene, 
representative of alkane and aromatic solvents respectively. 
Solute was added to a solvent within the concentration range 
10-25 ppm by weight, this being representative of that 
found in the industrial processes to which this study is 
related. The level of rejection was detennined using a 
Lambda 12 uv/vis spectrometer. Calibration was carried out 
at several wavelengths for a given solute in each solvent, the 
absorbance·concentration profile being linear in each case. 
Typical minimum detection levels for the solute compounds 
were in the order of I 00 ppb. 
RESULTS AND DISCUSSION 
The results presented in Table 1 and Figures 4·6 summarise 
the data obtained for the range of solvents. solutes and 
operating conditions described. They are a representative of 
the complete data set obtained. 
Repeatabllity 
The solvent fluxes reported were obtained using two sam-
ples of PDMS membrane. As a consequence of manufactur-
ing variances. the flux between different membrane samples 
could vary by up to ±10 %. Flux through individual mem-
branes could vary by ±2 % over a period of several days. 
Whether a membrane was stored in a swollen·state or al-
lowed to dry had no apparent impact on the flux or separa-
tion perfonnance. 
In order to account for the slight variability between 
different membranes and the small flux increase with time. 
the flux-pressure relationship for n-heptane was determined 
initially. n·heptane fluxes were also measured at 300, 600 
and 900 kPa before the flux-pressure relationship of a new 
solvent was determined. The ratio of (solvent flux) to (n-
heptane flux) was caJculated in each series of experiments 
and that ratio used to calculate the solvent flux based on the 
original n-heptane data. The re.calculated values enabled 
solvent fluxes to be accurately compared. 
No attempt was made to adjust the measured solute 
rejections based on the rejection of a standard solute 
compound. The validity of the solute rejection data was 
confirmed in each experiment by applying a mass balance 
that was generally found to be within 1 %. 
Flux and Rejection Measurements 
The flux behaviour of pure organic solvents with the PDMS 
polymer membrane are shown in Table 1, and comparisons 
with the Hagen-Poiseuille model described by Equation (I) 
are shown in Figure 4. For the chosen solvents. the data fall 
on three distinct regression lines that correlate well with the 
different classifications of solvent. The divisions of gradient 
show that solvent groups affect their own membrane 
properties (i.e. values of ei'/(8L<)) whilst individual items 
within a classification produce similar degrees of swelling. 
Although one of several parameters could potentiaJly be 
altered, the (effective) pore radius, r, is most likely to be 
influenced by the solvent/polymer combination. When 
100 
80 
) 150 
·a 
c 
• , 40 li: 
20 
0 
0 
• n-hexane 0 n-heptane 
• ~hexane 
• ~heptane 
• 
.......,, 
• cyclohexane 0 
"""" 
2 4 6 8 
L\P/J.t (xl05 hr-1) 
Figure 4: Hagen·Poiseuille plots for a range of 
organic solvents (viscosity values at 20°C}. 
10 
swollen, it seems that the structure of the dense PDMS layer 
changes to become porous and a1low viscous flow to a level 
partly dependent on the swelling properties of the solvent. 
Comparisons of the data in Figure 4 and Tables 1 and 2 
show that the flux levels for the cyclic compounds are above 
those that could be expected from superficial comparisons of 
solubility parameters. It is also notable on Table 1 and 
Figure 4 that the data correlations have a significant positive 
intercept when extrapolated to the y·axis. Further 
experiments (not reported here) show that two distinct 
regions in the flux-pressure relationship can exist for 
solvents. Possible reasons include the linear and reversible 
compaction of the PDMS layer at pressures up to -300 kPa 
and/or a small, but finite, contribution to transport from 
chemical mechanisms19• It is also possible that molecule 
shape may influence the permeation process (see later). 
When a mixture of alkane and aromatic solvent was perme-
ated through a membrane sample, no separation was noted 
within the resolution of the refractometry detection tech-
nique. This again points to a viscous flow regime and a po-
rous membrane structure. If a chemical transport mechanism 
was significant then a separation of components would be 
expected due to differences in diffusion rates. Similar results 
have been reported by Machado et al. 20 for a range of sol-
vent mixtures with silicon-based 1v:IPF-50 membranes. 
The influence of swelling on flux was emphasised by experi-
ments with water (a polar solvent). Referring to Table 2, the 
viscosity of water is similar to that of cyclohexane. Thus, for 
a constant membrane porosity/pore size and a simple hy-
draulic transport mechanism, the rate of water permeation 
should be close to that recorded with cyclohexane. Permea-
tion tests with the PDMS membrane indicated zero water 
flux up to the maximum system pressure of 900 kPa, a result 
that has been confinned b(, other workers for both PDMS 
and MPF~50 membranes11' 5• As water exhibits a high solu· 
bility parameter (O; 47.5 MPa0>) due to its polar nature it 
does not induce any appreciable swelling of the hydrophobic 
PDMS layer (o; 15.5 MPa0>) and the membrane remains in 
its dense state to prevent water permeation. 
In experiments with another polar solvent, pure ethanol (0= 
2621V1Pa0.s), the permeation rate through the membrane was 
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measured at approximately two orders of magnitude below 
that forn-heptane (o= 15.3 MPa0·'). From these data, and in 
the absence of PDMS swelling, it is reasonable to expect a 
50% ethanoVn-heptane mixture to yield an ethanol rejection 
>90%. Such a mixture was permeated through a membrane 
at a pressure of 600 kPa and a crossflow rate of 20 ml rnin-1 
to produce an ethanol rejection of -5%. The behaviour can 
again be explained by swelling induced porosity of the 
PDMS layer. A comparison of solubility parameters (Table 
1) shows ethanol to be a poor swelling solvent for PDMS. 
However, n-heptane has a solubility parameter close to that 
of PDMS and is a very good swelling solvent for the active 
membrane layer. With a binary mixture such as ethanoVn-
heptane, it is considered that n-heptane swells the dense 
PDMS sufficiently to induce porosity and allow significant 
ethanol permeation through the membrane. 
If PDMS is porous in the swollen state then the rejection of 
low-polarity, minimally interacting, solutes in good swelling 
solvents should be predominantly via a size-exclusion 
mechanism. To assess this possibility, the rejection 
behaviour of organic solute compounds with a range of 
molecular weights was determined in a xylene solvent (t5= 
18.2) at pressures of 600 kPa (see Figure 5). From the data 
obtained the membrane appears to have a MWCO in the 
region of 400 g mor1• Increasing solute rejection with 
molecular weight has been reported by Gibbins et al. 13 for 
an :MPF-50 membrane; here, solute molecular weights 
ranged from 250 to 400 g mo1'1• A size-exclusion 
mechanism is unlikely for dense membranes as solute 
transport is diffusive in nature. Although larger molecules 
can be expected to have very low rates of diffusion through 
dense membranes and thus high rejections, smaller 
molecules would not be expected to give zero rejections as 
observed in Figure 5. The latter could potentially occur 
through one of three scenarios: 
• Solvent is transported via viscous flow and solute flux is 
diffusive. For this to occur the solvent and solute fluxes 
would need to be identical. 
• Solvent and solute fluxes both occur via a diffusive 
mechanism at identical rates. 
• Solvent and solute are transported via a viscous flow 
mechanism at the same rate. 
In the authors' opinion, the most feasible explanation is the 
third scenario where the solvent swe1ls the membrane 
sufficiently to change the porous structure, and the zero 
rejections are due to the solvent and solute moving through 
the membrane structure 'as one' under viscous flow with no 
separation occurring. Zero rejections have previously been 
reported by van der Bruggen et al. 1', who studied the 
rejection behaviour of a solute with a molecular weight of 
340 g mor' in a range of solvents with an MPF-50 
membrane. They found that solute rejection was zero in n-
hexane, and suggest that contact with organic solvents 
increases the mobility of the polymeric chains in the 
membrane, allowing unhindered transport of solvent and 
solute. 
Should a membrane become porous when swollen then the 
degree of swelling will affect the porosity and effective pore 
size of the membrane with a subsequent impact on 
separation performance. The data in Figures 4 and 5 support 
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the idea that good swelling solvents affect a larger porosity 
and pore size than poor swelling solvents, resulting in lower 
solute rejections. Whilst a comprehensive study of rejection 
in different solvents is beyond the scope of the current work, 
rejections of identical solutes have been compared in cyclic 
(xylene, o= 18.2) and straight chain (n-heptane, o= 15.3) 
solvents. Based on the solubility parameters and data 
reported by Bhanushali et aJ.1, n-heptane swells PDMS more 
than xylene and hence the rejection of low-polarity solute 
compounds is expected to be higher in xylene than n-
heptane. Figure 6 shows rejections of three solute 
compounds at concentrations of 20 ppm in n-heptane and 
xylene solvents; pressure and crossflow were maintained at 
600 kPa and 20 m1 min"1 respectively. The data indicate that 
the rejection of identical solute compounds is higher in the 
poorer-swelling xylene solvent, which is consistent with the 
proposed hypothesis. Other data (Table I) show a 
corresponding increase in the flux level for the better 
swelling solvent. It is postulated that the increased swelling 
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Figure 5: Rejection of low-polarity solutes in a xylene solvent. 
1. Acenaphthene; 2. Anthracene, 3. Ferrocene; 
4. 9,10-Diphenylanthracene; 5. Iron (IIO Acetylacetonate; 
6. Iron (Ill) Naphthenate; 7. Copper (II) Naphthenate. 
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Figure 6: Rejection in xylene and n-heptane: 
A- Iron (Ill) Acetylacetonate; B- 9,10-Diphenylanthracene; 
C - Iron (III) Naphthenate. 
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caused by n-heptane raises the effective pore size and 
porosity of the membrane which in turn improves the 
physical transport of the solute molecules, leading to a lower 
rejection. The results of Scapello et a/. 1 and Van der 
Bmggen et al. IS who studied solute rejection in different 
solvents with a MPF-50 membrane do not confinn such an 
effect, although a direct comparison is not possible due to 
the polar nature of the solvents and solutes used in their 
work. Polar solutes are likely to interact with the 
hydrophobic membrane surface, resulting in rejection 
mechanisms different from the size-exclusion mechanism 
identified in this work. Similarly, polar solvents are likely to 
interact with both polar solute compounds and the 
membrane surface, which makes the comparison with a size-
exclusion mechanism very difficult. 
An estimate of the effective pore radius of the swollen 
membrane can be made from the pore model first proposed 
by Ferry21 • The model is able to predict pore radii based on 
the radius of a solute molecule and its corresponding 
rejection by assuming the membrane to comprise cylindrical 
pores. For 9,10 Diphenylanthracene, an equivalent solute 
radius of 0.71 run was calculated from covalent radii and 
bond lengths within the molecule. For the 9.10 
Diphenylanthracene rejections shown in Figure 6, the pore 
radius in a xylene solvent is calculated as 1.88 run, 
compared with 1.98 run in n-hep,tane. By way of comparison 
the steric hindrance pore model 2 gives pore radii of 3.23 run 
in xylene and 7.97 run in n-heptane. Assuming the models to 
be valid, the predicted pore radii give an indication of the 
order of magnitude of the pore size in swollen PDMS 
membranes. For the 9,10 Diphenylanthracene solute, a 
comparison of the calculated molecule and membrane pore 
radii supports the relatively poor rejection noted. 
Solvent and Solute Molecule Shape 
Some of the data noted in Figures 4·6 could be affected by 
the inherent shapes of the solvent and solute molecules. 
The different gradients for the three solvent classifications in 
Figure 4 may be influenced by steric effects. Referring to 
Figure 2, the cyclic nature of cyclohexane and xylene is 
likely to yield more rigid molecules than n- and i-alkanes, 
and thus reduce their tendency to compress when under 
pressure. Compressibility effects will cause the solvent vis-
cosity to increase as the molecules become 100re ordered, 
and could influence the distinct correlations identified in 
Figure 4. Viscosity increases will only be prevalent in flow 
through porous membranes; Bowen and Welfoot23 have con-
sidered such an effect with nanofiltration membranes and 
aqueous feeds. 
Similar data to that presented in Figure 5 have been obtained 
for a non-cyclic solvent. When tested in n-heptane, Copper 
(11) Naphthenate gave a rejection of only 90% despite hav· 
ing the largest average molecular weight (611 g mor') of all 
the compounds studied. Iron (Ill) Naphthenate has a lower 
average molecular weight (448 g mor1) and yet gave a 
higher rejection of 96%. Such behaviour may potentially be 
explained by considering the shape of the two compounds. 
Iron (111) Naphthenate has a trigonal·planar structure due to 
the three naphthenic acid groups coordinating with the iron 
molecule. Copper (11) Naphthenate is linear and individual 
molecules, despite their large size, may be able to orientate 
themselves such that they are able to pass through a porous 
structure at a greater rate than Iron (Ill) Naphthenate. 
CONCLUSIONS 
Although the available data are not yet sufficient to test the 
relative merits of the pore-flow and solution-diffusion 
models, this study presents significant evidence to show that 
PDMS membranes exhibit the characteristics of a porous 
structure when swollen with a suitable solvent. Good 
agreement with the Hagen-Poiseuille model and the non-
separation of binary solvent mixtures suggests that viscous 
flow occurs through the membrane. The concept of viscous 
flow is also supported by the observation that the rejection 
mechanism for non-polar solutes is predominantly one of 
size exclusion. The low permeation rate of pure ethanol 
compared with the much higher value when mixed with n-
heptane shows that increased membrane swelJing improves 
the transport of polar substances that exhibit a high 
solubility parameter. Poor-swelling solvents yield a lower 
flux and higher solute rejection than good-swelling solvents. 
It is postulated that swelling increases the effective pore size 
and porosity of the membrane and that the Hildebrand 
solubility parameter is a good indicator of swelling potential 
for solutes in non-polar solvents with a PDMS membrane as 
well as a good predictor of their subsequent flux/rejection 
behaviour. 
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NOMENCLATURE 
J solvent flux (I m·' h"1) 
L membrane thickness (m) 
M' differential pressure (Pa) 
r pore radius (m) 
t5 Hildebrand solubility parameter (MPa") 
E porosity 
f.J viscosity (Pas) 
'T tortuosity factor 
barrer x10"10 cm3(STP).cm cm-2 s-1 (cm.Hg)"1 
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ABSTRACT 
The separation characteristics of a dense polydimethylsiloxane (PDMS) membrane were 
studied using alkyl and aromatic solvents and low-polarity, sulphur bearing, organometallic 
and poly-nuclear aromatic (PNA) solute compounds. Rejection was found to be dependent on 
trans-membrane pressure, crossflow rate (hydrodynamic conditions), solute size and the 
degree of swelling induced by the solvent. Rejection increased progressively with pressure 
whilst a threshold condition was observed above which further increases in crossflow had a 
negligible influence on rejection. Measurements over the molecular weight range 84-612 
g/mol showed the membrane to have a molecular weight cut-off in the region 350-400 g/mol 
to all but one of the tested PNA compounds (i.e. rubrene). An additional correlation using 
molecular dimensions instead of molecular weight showed the effective pore size of the 
membrane to be in the region of 1-2 nm, with all data falling on a well defined rejection/size 
curve. 
Solvent type influenced membrane swelling to an extent dependent on the relative magnitude 
of the solubility parameters for the solvent and PDMS; similar values led to more swelling, 
higher fluxes and lower rejections. Results support the concept of viscous solvent flow whilst 
solute transport could be either predominantly viscous or a combination of viscous and 
diffusive. With larger molecules a size exclusion mechanism was dominant. A new model is 
proposed that takes account of solute transport by a combination of viscous and diffusive 
mechanisms and this is shown to well represent the experimental data. 
KEYWORDS 
Nanofiltration, membrane, PDMS, non-aqueous, solute rejection, polymer swelling, filtration, 
organometallic, PNA. 
INTRODUCTION 
In recent years the feasibility of using polymeric nanofiltration (NF) membranes for non-
aqueous separations has been explored, examples include the recoverr of organometallic 
catalysts from organic solvents1 and the de-acidification of vegetable oils . There is, however, 
limited understanding of the fundamental mechanisms involved. The literature favoured 
concept for non-aqueous NF systems is the solution-diffusion model first proposed by 
Lonsdale et al. 3, where permeation takes place by a substance dissolving in the membrane 
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material and subsequently diffusing through it. The selectivity of the membrane is governed 
by differences in the solubility and diffusivity of the permeating species, with the sorption 
behaviour being generally non-ideaJ4•5• An alternative approach is the pore flow model, where 
even a dense membrane is considered to behave as if it had an appreciable free volume and 
pores through which viscous permeation takes place. 
Currently of principal interest are NF membrane composites incorporating a relatively thin 
separating layer of polydimethylsiloxane (PDMS). This relatively robust polymer is stable in 
the presence of many organic solvents, although the passage of solvent(s) induces physical, 
but reversible, swelling. The Hildebrand solubility parameter, J, is reported to be a good 
indictor of the extent of swelling to be expected for a particular solvent/PDMS membrane 
combination6•7, solvents with a solubility parameter similar to that of PDMS (i.e. o =15.5 
MPa0·5) induce more swelling. Hydrophobic membranes such as PDMS have a low value of J, 
and as such will be swollen by low-polarity solvents with similarly low values of 0. 
Although the literature in non-aqueous NF is by no means extensive, several workers have 
studied and attempted to model the solute rejection behaviour of relevant non-aqueous 
systems. Scarpello et al. 1 studied the recovery of organometallic catalysts from polar solvents 
using an MPF-50 (essentially PDMS) membrane. They found that catalyst rejections were 
close to unity and dependent on the solvent type. The rejection was reported to increase with 
pressure and postulated that compaction of the membrane layer resulted in a smaller effective 
pore size. This hypothesis was seemingly contradicted by the authors themselves as the 
measured solvent flux-fressure relationship remained linear over the tested pressure range. 
van der Bruggen et al. also studied solute rejection with an MPF-50 membrane, and again 
reported the extent of solute rejection to depend on the solvent type. Interestingly, the 
rejection in low-polarity solvents was found to be reduced when compared with that observed 
with polar solvents. Gibbins et al.9 showed solute rejection in methanol to increase with both 
pressure and solute molecular weight, and estimated an effective pore diameter of -1.2 nm for 
the MPF-50 membrane based on available pore models. 
The quoted works predominantly used polar solvents and concentrations of (often polar) 
solute that were sufficiently high to influence the membrane swelling characteristics. 
Although representative of some potential applications, polar solvents and solutes are likely to 
interact significantly which makes it difficult to isolate the effect of either substance and to 
understand the transport mechanisms. In the study reported here low-polarity solvents and 
low concentrations of solute have been used to both enhance the understanding of non-
aqueous NF processes and assess the potential for applying the technology in a new industrial 
sector. 
EXPERIMENTAL 
Membrane 
All experiments used a polyacrylonitrile (P AN)/polydimethylsiloxane composite membrane 
supplied by GKSS Forschungszentrum. The PAN substrate has previously been shown to be 
inactive7 whilst the radiation crosslinked and selective PDMS layer exhibited a nominal 
thickness of 2 Jlm. A single membrane was used to obtain the reported data and no 
appreciable deterioration in flux/rejection performance was observed over the duration of the 
study. 
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Apparatus 
The solvent/solute systems were studied in the crossflow membrane filtration apparatus 
shown schematically in Figure I. 
The solvent/solute mixture was added to the 2.5 litre capacity reservoir (A) from which an air-
driven pump (B) delivered the fluid to the membrane module (C) via a variable area flow 
meter (F), a flow control valve (V6) and a 15 ~-tm rated pre-filter (D). The permeate could 
either be circulated back to the reservoir or collected separately for subsequent sample 
analysis. The retentate stream returned to the reservoir through a cooler (E) which employed 
the exhaust air stream from the pump to maintain the temperature of the circulating fluid. 
Trans-membrane pressure and crossflow rate were controlled primarily by the back-pressure 
regulator (V7) and the air-regulator to the pump (V2); the flow control valve (V6) was 
sometimes used to make minor adjustments to process conditions. The circular, flat sheet 
membrane was mounted in an Osmonics SEPA-ST membrane cell to give a wetted surface 
area of 75 cm2• 
The maximum pressure and crossflow obtainable with this apparatus was 8 bar (800 kPa) and 
0.7 I min'1 respectively; higher solvent viscosities reduced these limits. A second apparatus 
was also available (on a limited basis) that facilitated filtration pressures up to 20 bar and 
crossflow rates of 4 I min·1• Although detailed specifications are not presented here, this up-
rated apparatus incorporated a larger capacity pump and the same SEPA-ST membrane 
module. The flow circuit was similar to that presented in Figure 1. 
Materials 
n-heptane, cyclohexane and xylene solvents were used in the experiments, all of which are 
representative of the potential application and were supplied by Sigma-Aldrich. n-heptane is a 
straight chain alkane, whilst cyclohexane and xylene (a mixture of isomers) are respectively 
cyclic alkane and aromatic compounds. The two solute compounds forming the main focus of 
the study were iron (ill) acetylacetonate (an organometallic, OM) and 9,10-
diphenylanthracene (a poly-nuclear aromatic, PNA). The chemical structures are shown in 
Figure 2 and these solutes were chosen for a number reasons including: 
• initial screening tests showed intermediate rejections, i.e. between 0 and 1, which gave 
scope to investigate the influences of process variables on flux and rejection 
• the ability to dissolve the solutes (in the solvents) at concentrations of up to 75 ppmw 
• the ability to determine concentration by UV /vis spectroscopy - the absorbance of iron 
(ill) acetylacetonate was measured at a wavelength of 450 nm whilst 9,10-
diphenylantracene was measured at 380 nm. 
A few data were also obtained with other representative PNA, organometallic and sulphur 
bearing compounds (see Table 1). All solutes had initial purities in excess of 99%. 
Procedure 
All the data reported were obtained using one litre of feed fluid in the reservoir and a 10% 
stage cut. Prior to an experiment the test solution was circulated at very low pressure for 
several minutes with no permeation to remove any trapped air in the system. With the 
pressure and crossflow set to the desired values, the permeate was circulated back to the 
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reservoir for a set period in order to establish equilibrium conditions. The permeate was then 
diverted and collected in a separate vessel, this sample being used to determine the flux and 
solute concentration. All results were found to satisfy a solute mass balance to within 1%. 
RESULTS AND DISCUSSION 
The test matrix addressed the influence of the principal operating parameters on solute 
rejection, namely crossflow rate, trans-membrane pressure, solute concentration, solute size 
and the degree of membrane swelling due to different solvent type. The latter is interlinked 
with the effects induced by the other operational parameters and is presented accordingly. 
Effects of crossflow rate (hydrodynamics) 
The rejection of 9,10 diphenylanthracene was determined at a fixed pressure of 5 bar (500 
kPa). Four different solvents were employed with crossflow rates ranging from 0.1-4 1/min; 
in the case of cyclohexane and the n-heptane/xylene mixture the crossflow was limited to 0.7 
1/min due to operational difficulties with the second, up-rated apparatus. Typical results are 
shown in Figure 3. 
In all cases the rejection increased as crossflow was raised from an initially low value, an 
effect also observed with the rejection of the other tested solutes. Above a threshold value of 
-0.5 1/min, little increase in rejection was noted for n-heptane and xylene solvents up to the 
highest available crossflow rate of 4 1/min. The rejection behaviour of the cyclohexane 
solvent was intermediate between these two pure solvents. The n-heptane/xylene mix, whose 
composition was arranged to give a solubility parameter of o = 16.8 MPa0·5, yielded 
marginally improved levels of rejection. A potential reason for the threshold is a transition in 
the hydrodynamic flow regime above the membrane surface, a factor that can be characterised 
through Reynolds Number (Re). The design of the module prevented the direct calculation of 
Re as the flow velocity and flow diameter are unknown. However, given that the module 
dimensions were the same in each test, and that the flow velocity is proportional to crossflow 
rate, Qtyp, a similar expression to Re, can be used to compare rejection behaviour (see Figure 
4); Q is the crossflow rate, pis solvent density and p. is solvent viscosity. 
As intuitively expected, the data in Figure 4 are similar in form to those presented in Figure 3. 
Whilst a threshold level of Qtyp is only be valid for the membrane module used in the current 
study, the results are significant as they show how hydrodynamics can influence separation in 
NF, and that an optimum crossflow rate (in terms of rejection) is just above the threshold 
value. Figures 3 and 4 also clearly show that solute rejection is dependent on solvent type and 
is a consequence of the degree of solvent induced swelling in the selective PDMS layer of the 
membrane. Previous work by the authors has shown how the level of solvent flux can be 
directly related to membrane swelling properties7•10 and the relative magnitudes of o for the 
permeating solvent and membrane. The current work extends this finding whereby solvents 
inducing a larger amount of swelling yield lower solute rejection than poorer-swelling 
solvents. The solubility parameters of xylene, cyclohexane and n-heptane are 18.2, 16.8 and 
15.3 MPa0·5 respectively, which is consistent with the order in which the rejection data appear 
in Figure 4 (i.e. 4.-heptane :::: OpvMs to give the greatest swelling and lowest rejection). Further 
evidence that solute rejection is strongly dependent on the solvent induced swelling was 
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obtained by testing a solvent mixture ... Xylene and n-heptane, respectively aromatic and 
straight chain alkane compounds, were added together to give a mixture with a solubility 
parameter the same as cyclohexane, a cyclic alkane compound. Figure 4 shows that solute 
rejection data for cyclohexane and the n-heptane/xylene mixture overlap, not only confirming 
that the degree of swelling affects solute rejection, but also that solubility parameters for low-
polarity solvents can be used to characterise the degree of swelling of a PDMS composite 
membrane. 
Effects of pressure 
In order to assess pressure effects over the widest range, the rejection of two solute 
compounds was determined in a xylene solvent with the two experimental apparatus 
described, both utilised the same SEPA-ST membrane module. Rejections at pressures up to 8 
bar (800 kPa) were determined at a crossflow rate corresponding to Q!Yf.J "' 10 m, i.e. just 
above the threshold noted in Figure 4. Due to the restricted flow/pressure envelope of the up-
rated apparatus, the experiments at higher pressures were performed with Q!Yf.J = 45 m, i.e. 
over four times that used at lower pressures. Figure 4 suggests that operating with such 
different Qp'f.J values has a negligible influence on solute rejection and thus the results shown 
in Figures 5 and 6 represent the sole effects of pressure for the different solute/solvent 
combinations. 
For both solutes the rejection improved as filtration pressure increased, with the largest gains 
being achieved at lower pressures. The data suggest that over the tested pressure range the 
rejection of 9,10 diphenylanthracene lies below that recorded for iron (III) acetylacetonate; 
molecular weights were 330 and 353 respectively. Although there is some scatter, the 
progressive blending of results from the two apparatus vindicates the comparison of data 
obtained above the hydrodynamic threshold. The rejection of 9,10 diphenylanthracene was 
further studied in a range of solvents and the results are compared in Figure 6. In all cases the 
rejection improved as pressure increased, with rejection from the n-heptane/xylene mixture 
being comparable to that recorded using cyclohexane; in both these cases 8 = 16.8 MPa05• 
Rejection levels with n-heptane were consistently the lowest whilst experiments with xylene 
displayed the highest rejections. The results confirm the indications from Figure 4 and 
strengthen the argument that low-polarity solute rejection is uniquely dependent on the degree 
of solvent induced swelling. It is noted that the data in Figure 6 are similar to those reported 
by Scarpello et al. 1 who suggest that limiting rejection with pressure is caused by compaction 
of the membrane. Structural change would cause flux to decline noticeably and this 
phenomenon was not observed in any of the data obtained by the authors. On the contrary the 
measured flux/pressure relationships (i.e. ls vs. LJP/f.l.) exhibited linearity over the tested 
pressure range with the slope being determined by the extent of solvent induced swelling. For 
a given solvent/solute combination, the increased rejection with pressure is apparently not a 
consequence of a change in membrane structure. 
Effects of concentration 
The rejection of 9,10 diphenylanthracene was investigated with a xylene solvent at 
concentrations of 10-75 ppm. Although still relatively low, the upper limit of concentration is 
well above the normal levels found in the process fluid of interest. With reference to Figure 7, 
"It is noted that no separation of the solvent mixture was detectable on passage through the membrane, the 
resolution of the measurement being 0.2%. 
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rejection is for practical purposes independent of concentration over the range studied. It is 
considered that solute concentrations in the ppm range are not sufficient to influence the 
degree of solvent induced membrane swelling, and hence the rejection remains unchanged. 
Intuitively, much higher solute concentrations may impact on the degree of swelling and 
rejection will in this case be determined, in part, by the amount of solute. A further factor that 
could be influenced by solute concentration is solvent flux and Figure 8 shows example data 
for xylene determined over the same range of concentration. Again, for practical purposes, the 
inference is that solvent flux is independent of solute concentration. 
Effects of solute size 
Experiments with additional PNA, organometallic and sulphur bearing solutes were chosen to 
examine the influence of solute size (see Table 1). The limiting rejections of these solutes in 
xylene as a function of molecular weight are shown in Figure 9. With the exception of 
rubrene which gave a rejection lower than expected, the membrane exhibits a molecular 
weight cut-off in the region of 350-400 g/mol. Such behaviour is indicative of the selective 
PDMS layer rejecting low-polarity, minimally interacting solutes on the basis of size-
exclusion. The data in Figures 3-6, and other data7•10, suggest viscous solvent transport to an 
extent dependent on the degree of swelling induced porosity. Increasing solute rejection with 
molecular weight has previously been reported by Gibbins et al.9 for an MPF-50 membrane 
where solute molecular weights ranged from 250 to 400 g mort. A size-exclusion mechanism 
seems unlikely for dense membranes like PDMS as solute (and solvent) transport is 
intuitively diffusive. Although larger molecules can be expected to have very low rates of 
diffusion through PDMS and thus high rejections, smaller molecules would not be expected to 
give zero rejections as observed in Figure 9. The latter could potentially occur through a 
number of scenarios, including: 
• Solvent is transported via viscous flow and solute flux is diffusive. For this process to 
occur the solvent and solute transport rates need to be the same 
• Solvent and solute fluxes both occur via a diffusive mechanism at identical rates 
• Solvent and solute are transported via a viscous flow mechanism at the same rate. 
In the authors' opinion, the most feasible explanation is the latter where the solvent swells the 
membrane to effectively induce a porous structure in the PDMS, and the zero rejections are 
due to the solvent and solute moving through the membrane structure 'as one' under viscous 
flow with no separation occurring. Using a more limited range of solutes, very similar 
behaviour to that shown in Figure 9 was measured for an n-heptane solvent, albeit with 
rejections -5% below those recorded for xylene due to the increased membrane swelling. It is 
noted that zero rejections were previously reported by van der Bruggen et al. 8, who studied 
the behaviour of a 340 g mort solute in a range of solvents with an MPF-50 membrane. They 
found that solute rejection was zero in n-hexane (but not in other solvents), and speculatively 
suggested that contact with organic solvents increases the mobility of the polymeric chains in 
the membrane to allow unhindered transport of solvent and solute. 
The outlying rejection for rubrene in Figure 9 questions the validity of using molecular weight 
to characterise solute rejection. Due to the fine length scales involved in NF, the dimensions 
of the solute molecule are likely to be an important factor in determining rejection behaviour. 
Although there are inevitable approximations, representative sizes of the solute molecules 
were calculated using bond lengths and covalent radii and, where necessary, by resolving 
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bond angles to a single plane. There are several dimensions that could be used to describe the 
size of a particular solute, for instance, the maximum length of the molecule or the diameter 
of a sphere that encloses the entire molecule. By way of example, the limiting rejection in 
xylene as a function of maximum length is shown in Figure 10. These data give a relatively 
sharp transition in the region of 1-2 nm and the result for rubrene follows the data for the 
other solutes closely. With experimentally measured rejections it is possible to use models 
developed for ultrafiltration to predict the effective pore size of the PDMS membrane11•12. 
Based on the rejection of 9,10 diphenylanthracene from xylene, the Ferry, Steric-Hindrance-
Pore (SHP) and Vemiory models respectively predict average pore sizes of 2.2 nm, 2.0 nm 
and 2.5 nm, which are at the upper limit of the value suggested by Figure 10. 
Modelling 
In Figure 10, three distinct regions are evident. In Region A the solvent induced swelling of 
the membrane causes sufficiently small solutes to translate directly with the solvent flow. In 
Region C the solute molecules are sufficiently large for high rejection to occur predominantly 
via a size exclusion mechanism. In Region B it is envisaged that a mixture of viscous and 
diffusive flow exists and a new model has been developed to aid interpretation over this 
region. In the viscous-diffusion model, solvent flux, J,, is assumed viscous and expressed as 
J =kM' 
' 
(1) 
X 
where LIP is the trans-membrane pressure, x is membrane thickness and k is the membrane 
permeability induced by the solvent (this parameter also incorporates the viscosity term). 
Solute flux, J;, is considered a combination of viscous and diffusive transport and in the 
general case 
J. = aCFkM' + (1-a)D(CF -Cp) 
' 
(2) 
X X 
where a is the fraction of solute undergoing transport with the viscous flow, CF and Cp are 
solute concentrations in the feed and permeate respectively and D is the diffusion coefficient. 
Solute rejection, R = 1-Cp/CF , but at low concentrations of solute, Cp can be approximated 
as J;/ J, , giving 
1-R= (1-a)D(CF -Cp)+aCFkM' 
kCFM' 
which upon dividing by CF and rearranging gives 
R = --:::1-_a :-::::-
1+(1-a)D 
kM' 
(3) 
(4) 
In Equation ( 4 ), as M' --7 oo so R --7 (1- a) which is a different result from the solution-
diffusion mode15 where R --7 1 and more in keeping with the behaviour of the solvent/solute 
systems in Region B of Figure 10. Figure 11 shows the experimental rejection of 9,10 
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diphenylanthracene along with the rejections predicted by the viscous-diffusion model. A 
least-squares analysis was used to fit the model to the experimental data and facilitate 
determination of the two parameters, a and D; the former has most effect on the magnitude of 
the limiting rejection whilst D principally influences the form (shape) of the rejection curve. 
Figure 11 shows the viscous-diffusion model to fit the experimental data well, which in turn 
suggests that the concept of a combined viscous and diffusive solute flow may have some 
virtue. The value of a is dependent on the solvent type (i.e. the degree of swelling) and the 
size of the solute molecule under consideration. The model suggests that larger solutes will be 
rejected by size-exclusion, or perhaps transport very slowly via a diffusive mechanism. In 
either case, solute rejection can be expected to be very high with correspondingly low values 
of diffusion coefficient. Similarly, small solutes will transport entirely with the viscous flow 
and undergo very little or no separation. The rejections observed in Figure 10 support these 
arguments. In the viscous flow Region A, the parameter a = 1, and in the diffusive or size 
exclusion Region C, a= 0 and D values are very low. In the intermediate Region B, where the 
solute molecular weight is of the order of 250-400 g/mol, the viscous-diffusion model is able 
to predict the relationship between rejection and pressure with values of a and D varying 
accordingly. 
CONCLUSIONS 
The rejection of low-polarity organic solute compounds in organic solvents has been shown to 
be dependent on solute size, hydrodynamic conditions, operating pressure and the swelling 
effect of the solvent. A hydrodynamic threshold is considered to exist, above which solute 
rejection plateau's. For crossflow rates above the threshold, the swelling effect of the solvent 
was found to be the predominant factor governing solute rejection with a newly-developed 
viscous-diffusion model providing a good correlation to the experimental data. The concept of 
viscous flow is supported by the observation that the rejection of low-polarity solutes is 
predominantly one of size exclusion. Poor-swelling solvents yield a lower flux and higher 
solute rejection than good-swelling solvents. It is postulated that swelling increases the 
effective pore size and porosity of the membrane and that the Hildebrand solubility parameter 
is a good indicator of swelling potential for PDMS membranes as well as a good predictor of 
their likely flux/rejection behaviour. The ability of the viscous-diffusion model to predict the 
solute rejection provides evidence that a supposedly dense PDMS membrane can exhibit the 
characteristics of a porous structure when swollen. 
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NOMENCLATURE 
a Fraction of solute undergoing viscous flow 
CF Solute concentration in the feed (ppm) 
Cp Solute concentration in the permeate (ppm) 
D Diffusion coefficient, m2/s 
J; Solute flux (m/s) 
J, Solvent flux (m/s) 
k Solvent induced permeability (m2/Pa s) 
LIP Trans-membrane pressure (Pa) 
Q Crossflow rate (1/min) 
R Solute rejection 
x Membrane thickness (m) 
t5 Solubility parameter (MPa0·5) 
f.J Solvent viscosity (Pas) 
p Solvent density (kglm3) 
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Figure 1: Schematic of the cross flow membrane filtration apparatus 
Figure 2: Representative structures of the principal solute compounds- iron (III) 
acetylacetonate (left) and 9,10 diphenylanthracene (right) 
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Figure 6: Effect of pressure on the rejection of 
9,10 diphenylanthracene from four solvents (CF = 20 ppm) 
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Figure 7: Typical effect of solute concentration on the rejection behaviour 
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Solute 
designation 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Solute name 
thiophene 
1-butanethiol 
acenaphthene 
anthracene 
phenanthrene 
ferrocene 
pyrene 
coronene 
9,10 diphenylanthracene 
1,1,2,2 tetraphenylethylene 
iron (Ill) acetylacetonate 
iron (Ill) naphthenate 
rubrene 
copper (II) naphthenate 
Classification 
thiophene 
mercaptan 
PNA 
PNA 
PNA 
OM 
PNA 
PNA 
PNA 
PNA 
OM 
OM 
PNA 
OM 
Molecular 
weight (g/mol) 
84 
90 
154 
178 
186 
186 
202 
300 
330 
332 
353 
373 
532 
612 
Table 1: Classification and molecular weight of test solutes (PNA =poly-nuclear 
aromatic; OM= organometallic) 
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ABSTRACT 
The paper describes developmental apparatus for in-situ determinations of membrane 
swelling and shows representative examples of the data that can be acquired. The apparatus 
principally comprises a linear inductive probe and electronic column gauge with an overall 
resolution of 0.1 p,m which was used in two configurations to assess the swelling propensity 
of polyacrylonitrile (P AN)/polydimethylsiloxane (PDMS) nanofiltration membranes in a 
range of alkane, aromatic and alcohol solvents. 
In the absence of an applied pressure on the membrane, experiments showed a maximum 
expansion for the PDMS layer of 169% using an n-heptane solvent whose solubility 
parameter (o) was close to that of PDMS. With more polar solvents falling in the range o = 
23.6-29.2 MPa05, swelling of the PDMS was much reduced (<14%) and comparable 
shrinkage of the PAN support layer was also observed. If a mechanical pressure was applied 
to the membrane then swelling was reduced. For example with a xylene solvent, over the 
pressure range 0-10 bar a progressive decline in membrane swelling from 118% to 50% was 
observed. At 20 bar swelling was further reduced to 33%. When xylene or heptane solvent 
was mixed with methanol, ethanol or propanol, reduced swelling of the PDMS layer occurred 
as the concentration of alcohol increased. The extent of swelling was closely related to the 
value of the mixture solubility parameter (omixrure) where a higher value of Omixrure led to less 
swelling. The results of the swelling experiments are compared to some of the authors 
previously published results for crossflow nanofiltration and shown to support the salient 
features. 
KEYWORDS: Membrane swelling, nanofiltration, PDMS, organic solvents. 
INTRODUCTION 
Detailed knowledge of membrane properties is becoming increasingly important as 
nanofiltration matures into new areas of technology and researchers attempt to better 
understand the fundamentals. For example, the development of polymeric solvent resistant 
nanofiltration (SRNF) membranes has attracted much attention and enabled several potential 
applications in the processing of organic solvent streams [1-4]. Although precise transport 
mechanisms across the convection-diffusion spectrum are an ongoing topic of debate, it is 
generally accepted that polymer swelling plays a significant role in determining levels of flux 
and rejection [2,5,6]. 
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Most previous efforts to quantify the swelling of nanofiltration membranes have followed the 
approach of Ho and Sirkar [7] whereby the weight difference between a dry and solvent 
impregnated polymer sample is determined. Stafie et al. [8] used the method with specially 
prepared "thick films" of polydimethylsiloxane (PDMS) and measured swelling approaching 
200% for hexane-solute (oil or Pill) systems. Vankelecom et al. [9] used "slabs" of PDMS 
with t-butanol solvent to demonstrate 70% swelling in the unrestrained state, but only 29% 
swelling when a sample was clamped. The same authors also report that tetradecane solvent 
previously sorbed within PDMS could be removed using an applied 10 bar pressure and then 
restored in a reversible manner upon release of the pressure and re-immersion in the solvent. 
Geens et al. [10] also showed significant swelling in a range of solvents where prior to testing 
the selective top layer from commercial polymer membranes was removed using liquid 
nitrogen. 
The current authors have taken a different approach to determinations of swelling that does 
not require the weighing of a sample. A commercially available inductive probe was used to 
directly measure the lateral swelling of PDMS layers on composite membranes both with and 
without an imposed pressure. 
EXPERIMENTAL 
Membrane and solvents 
All swelling experiments used samples of a flat sheet polyacrylonitrile (P AN)/PDMS 
composite membrane supplied by GKSS Forschungszentrum (see Figure 1). The PAN 
substrate had a quoted thickness of 40 J.lm, although SEM micrographs suggested a 
manufacturing tolerance of up to ±10%. Membranes with a nominal PDMS layer thickness of 
10 J.lm were available to the authors. The hydrophobic PDMS, which achieves the separation 
in SRNF, was radiation crosslinked during manufacture and a typical sample exhibited a 
thickness tolerance of ±0.5 J.lm as determined by SEM. 
The solvents shown in Table 1 were used in the swelling experiments. These are 
representative of the alkane, aromatic and alcohol solvents that some of the authors have 
previous investigated in SRNF experiments [11-13] and span a range of polarity, and thus 
potential swelling capability, as evidenced by the quoted solubility parameter (0). In many 
cases a solvent was used in its pure state, however, for a smaller number of experiments 
appropriately proportioned mixtures of alcohol with either xylene or heptane were generated. 
All solvents had initial purities in excess of 99% and were obtained from Sigma-Aidrich, 
Fisher Scientific or Shell Global Solutions. 
Apparatus and procedure 
Membrane swelling was determined using the apparati shown schematically in Figures 2(a) 
and 2(b). Referring to Figure 2(a), in an experiment with no applied pressure, a 2 cm x 2 cm 
square of PAN or composite membrane was placed in a short, flat-bottomed, round dish. A 10 
mm diameter spacer was placed on top of this sample to prevent direct, and potentially 
(sensor) damaging, contact between the measurement probe and the subsequently introduced 
solvent. The extent of swelling was determined using a freshly calibrated Mahr P2004 M 
inductive probe connected to a Millitron Sl840 electronic column gauge; this arrangement 
essentially comprises a sensitive dial comparator and is more normally used by metrologists 
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to determine the eccentricity of rotating components. The probe was rigidly mounted in a 
standard 820N, screw adjustable, comparator stand that was also able to accommodate the 
flat-bottomed dish. The probe/gauge combination had a manufacturer quoted resolution of 0.1 
Jlm, a displacement range of 4 mm and required a force of 1 N to induce a detectable linear 
movement of the measurement tip. Whilst the probe could be considered to impose a small 
pressure on sample this was taken to be negligible for the current purpose. 
Referring to Figure 2(b ), using a modified apparatus comprising of an additional support 
frame and a cantilever bar that pivoted about a bearing mount in one end, it was possible to 
impose a pressure upon a test sample. The cantilever bar was arranged to rest horizontally 
between the inductive probe and the spacer. By adjusting the distance between the sample and 
pivot, and/or adding weight to the free end of the cantilever bar, it was possible to vary the 
applied pressure and values up to 20 bar were investigated. 
In a typical swelling experiment the pure PAN or composite membrane sample was mounted 
dry in the flat-bottomed dish, the requisite spacer was positioned and, if necessary, a pressure 
was imposed by adding weight to the cantilever bar'. The measurement probe was then 
lowered to contact either the top of the spacer or the cantilever bar. With the probe reset to 
zero, 5-10 ml of solvent was quickly added to the dish to completely immerse the sample 
whence swelling started immediately. Sixty seconds was typically allowed for a sample to 
reach an equilibrium thickness in the solvent(s) before the final displacement measurement 
was taken; preliminary experiments showed that a time of 5-10 s was required in the absence 
of any imposed pressure. When mixtures of solvents were investigated it was necessary to 
shroud the measurement area in order to minimise changes in composition by component 
evaporation. As only a limited supply of membrane was available to the authors it was 
necessary to re-use some of the tested samples that had not been previously exposed to an 
applied pressure. Following an experiment, such membranes were vacuum dried for 30 
minutes to remove any residual solvent and then left overnight to re-acclimatise to 
atmospheric conditions. In this way membranes were restored to their original state, as 
evidenced by repeat swelling experiments under otherwise identical conditions. 
RESULTS AND DISCUSSION 
Experiments were performed to assess the capability and limitations of the new apparati by 
determining the swelling propensity of PAN and PAN/PDMS composite membranes in both 
pure solvents and mixtures of solvents. In all cases repeat measurements were required to give 
a level of data consistency. For the PAN substrate alone, at least 4 repeats were performed 
whereas with the PAN/PDMS composite this was raised to at least 9 repeats. 
Pure solvents 
Table 1 presents typical results of experiments with no applied pressure using the apparatus 
shown schematically in Figure 2(a). The data demonstrate the ability of the apparatus to 
quantify swelling and comprise average values for sample expansion/shrinkage and respective 
' When an additional pressure was applied via the cantilever bar/weight system a typical sample would compress 
in the absence of solvent. In an experiment this compression was allowed to continue to equilibrium before 
solvent was introduced; the duration could be up to 10 minutes. 
1-258 
standard deviations for the displacement measurements; the latter are also representative of 
the ranges obtained in all reported experiments. 
When the PAN backing alone was tested, with low polarity solvents such as n-heptane and 
xylene there was no change in lateral dimension. However, with higher polarity (alcohol) 
solvents some shrinkage was observed, the extent of which was seemingly dictated by the 
solubility parameter (c5) of the solvent once a threshold value of o had been exceeded. 
Experiments using the PAN/PDMS composite showed appreciable swelling with all tested 
solvents. For low polarity solvents the extent of swelling was exclusively dictated by 
expansion of the PDMS layer, whereas with the highest polarity solvents shrinkage of the 
PAN layer became progressively more comparable to expansion of the PDMS layer. 
It is worth noting here that measurements with the PAN/PDMS composite membrane were 
generally more difficult to perform consistently, and potentially influenced by two factors. 
Firstly, for a given experiment sequence, e.g. with one pure solvent, ten distinct membrane 
samples were typically chosen at random in order to facilitate repeat measurements. Secondly, 
a limitation of the new technique is that only displacement from a starting point (i.e. the non-
swollen state) can be measured rather than absolute sample thickness during swelling. 
Bearing in mind the variability in PAN thickness and the PDMS thickness imparted to a 
membrane during manufacture, these two factors combine to introduce scatter to the measured 
value. In some cases the standard deviation in measurements was significant compared to the 
average value, and for methanol in particular sufficiently large to render the absolute result 
unreliable at this stage of apparatus development. 
Although the results presented in Table 1 and Figures 3-7 should be viewed within the context 
of overall accuracy, the standard deviations of measurements appear to be comparable to 
those reported by Stafie et al. [8] using the Ho and Sirkar method and demonstrate the 
potential of the new technique for membrane characterisation. Moreover, the new method 
offers several advantages including the ability to test membranes in their manufactured state, 
in a variety of physical arrangements (e.g. clamped, with/without imposed pressure) and the 
potential to determine transient measurements of swelling (e.g. as solvent progressively wets 
a membrane or as solvent composition is altered). 
The relationship between o and swelling of the PDMS membrane layer is plotted in Figure 3. 
For solvents with o values in the range 14.3-15.3 MPa0·5, the average expansion of the PDMS 
layer increased from 148% to 169% where the latter represents the peak value. Over the 
region o = 15.3-23.6 MPa0·5 the solvent polarity increases to induce progressively less 
swelling in the PDMS layer and for i-J':ropanol the average ex~ansion was limited ~o 14%. At 
values of o greater than 23.6 MPa .s the membrane swelhng was reduced still further, 
although reliable absolute values were difficult to determine. The peak in membrane swelling 
that occurred in the region o::::: 15.3 MPa0·5 corresponds favourably with the literature reported 
value of solubility parameter for PDMS at o = 15.5 MPa05• In some of the authors previous 
works with low polarity systems, maximum solvent fluxes and minimum solute rejections 
were reported for the GKSS membrane when Osolvenr was similar to opvMs and their data 
suggest that the relationship of these two parameters closely follows swelling propensity over 
the region o = 14.3-18.2 MPa0·5 [11-13]. 
Figure 4 shows swelling data for pure xylene and n-heptane solvents obtained over the 
pressure range 0-20 bar with the apparatus shown in Figure 2(b ). As could be expected from 
Figure 3, n-heptane swelled the PDMS layer to a greater extent than xylene and the 
differences in expansion were more evident at low pressures, say 0-2 bar. At pressures higher 
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than 5 bar such differences were less pronounced. Although average values for n-heptane 
were always above those for xylene, the measurement standard deviations were sufficiently 
large to perhaps view the results with caution. For example, at 15 bar the average expansion 
and standard deviation for n-heptane were 4.7 11m and 0.9 11m respectively whereas with 
xylene the corresponding values were 3.8 11m and 0.6 11m. It is clear, however, that swelling 
propensity with both solvents followed a similar form as pressure was increased. The degree 
of swelling was apparently affected from the onset with pressure and there was greater effect 
on swelling from (say) 0-10 bar than over the range 10-20 bar. This result is perhaps to be 
expected as polymer chains in the PDMS come ever closer together, however, the change in 
swelling with pressure is interesting in the wider context. 
Several researchers have reported increasing solute rejection at raised pressures [3,4,8,14], 
and some have taken this to be indicative of a solution-diffusion transport mechanism [15]. 
Other workers have reported non-linear solvent flux/pressure relationships [16-18] and some 
have attributed deviations to membrane compaction [16]. In crossflow nanofiltration 
experiments with the GKSS membrane, the authors also showed improved rejection with 
pressure for a number of solvent/solute systems, however this was not accompanied by a 
declining flux and the solvent-flux relationships remained linear. It is interesting that 
simultaneous with an increasing pressure, membrane compaction and increasing rejection a 
linear flux-pressure relationship can exist. The authors have suggested that the polymer chains 
move further apart during swelling to allow a greater free volume in the membrane structure 
thereby promoting higher convective flows and lower rejections [11-13]; evidence for the 
rearrangement of PDMS membrane structure has been previously reported by van der 
Bruggen [19]. When the pressure is raised the subsequent reduction in free volume, which can 
also be interpreted as a tightening of a non-regular pore structure, naturally brings polymer 
chains closer together again to enhance rejection by a size exclusion mechanism. For this to 
happen simultaneously with a linear flux-pressure relationship, the free volume/flow paths in 
the PDMS would have to remain sufficiently large so as not to adversely affect flow. Whilst 
such a scenario, and any other, is conjecture with the current level of knowledge the situation 
is undoubtedly complex and the link between inherent membrane properties, swelling, flux 
and rejection will tax researchers for some time to come. 
Mixtures of solvents 
The influence of solvent mixtures on the swelling of the PDMS membrane layer with no 
applied pressure is presented in Figures 5 and 6. Figure 5 shows the effect of varying the 
amount of ethanol in either a xylene/ethanol or n-heptane/ethanol mixture. It is apparent that 
the mixture containing n-heptane swelled PDMS to the greatest extent throughout the entire 
range of mixture composition, which reflects the findings presented in Figure 4 (i.e. n-heptane 
has a o value closer to PDMS than xylene). The data indicate that swelling decreased as the 
amount of ethanol in the mixture was increased which is to be expected given that Oethanol > 
(oxylene and On.heptane) and the swelling propensity of PDMS is relatively low in pure ethanol 
(see also Figure 3). The data also possibly suggest that a threshold amount of ethanol may be 
required to significantly alter swelling of the PDMS layer. Although caution should obviously 
be exercised, up to 20 %w/w ethanol may be required to bring about a more rapid change with 
xylene whilst the threshold for n-heptane appears to be lower and in the region of 10 %w/w. 
Figure 6 presents swelling results for xylene mixtures with the homologous series of 
methanol, ethanol or n-propanol solvents. Each combination of xylene/alcohol follows a 
similar form and it is tempting to show a single correlation for all the data. On the basis of 
solubility parameter alone, Omethanol > Oethanol > On-propanol and greater swelling of the PDMS 
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would be expected with n-propanol. Although some scatter is present, the swelling values 
measured for n-propanol are generally above those for methanol across much of the spectrum 
of concentration and ethanol falls somewhere between these two. With n-propanol, there is 
also more evidence to suggest that a threshold level of alcohol may be required to influence 
PDMS swelling (c.f. Figure 5). The inference from the overall dataset is that the type of 
alcohol has a relatively minor effect on the swelling propensity in PDMS when a good 
swelling solvent such as xylene is present, however, it cannot be excluded that even small 
differences in swelling could significantly effect transport of alcohol during nanofiltration. It 
is noted that the differences between alcohol types were more emphasised when the values of 
PDMS expansion from Figure 6 were plotted against solubility parameter calculated by 
omixMe = I v,o, where vi and Oj are the component volume fraction and solubility parameter 
respectively. For a given value of Omixrure. and particularly at alcohol concentrations >50 
%w/w, methanol showed the greatest swelling followed in sequence by ethanol and n-
propanol; limited tests with i-propanol showed even further reduced swelling for a given 
bmixture• 
For completeness, Figure 7 shows swelling data for two xylene/ethanol mixtures over the 
pressure range 0-20 bar. Similar to Figure 4, the swelling propensity of the PDMS was 
affected immediately that pressure was applied and the change progressively lessened at 
higher pressures. The greatest swelling occurred with pure xylene over the entire range of 
tested pressures and reduced as the amount of ethanol in the mixture increased as a 
consequence of the raised mixture polarity. 
CONCLUSIONS 
New apparati for characterising nanofiltration membranes has been described and data 
representative of its capability have been shown. Although the approach is still being 
developed, particularly for determinations with thinner membranes, the initial results are 
sufficiently encouraging to warrant further investigations. There will always be inherent 
difficulties in taking reliable swelling measurements for the small dimensions characteristic of 
SRNF membranes. However, in the authors opinion, the new method offers several potential 
advantages over the more conventional approach. These include the ability to make transient 
measurements of swelling and the possibility of relating swelling propensity to filtration 
performance over a more significant and wider range of conditions. 
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Solvent Hildebrand Expansion Expansion of 
solubility parameter PAN alone 10~mPDMS 
(o, MPa05) (flm)' +PAN (flrn)'* 
i-octane 14.3 14.8 (0.82) 
i-hexane 14.7 16.0 (1.59) 
n-hexane 14.9 16.4 (1.59) 
n-heptane 15.3 0 16.9 (1.80) 
cyclohexane 16.8 15.8 (0.95) 
xylene 18.2 0 11.9 (0.94) 
i-propanol 23.6 1.40 (0.30) 
n-propanol 24.9 -0.2 (0) 1.24 (0.34) 
ethanol 26.5 -0.24 (0.09) 0.75 (0.26) 
methanol 29.2 -0.64 (0.09) O.G7 (0.30) 
At least: • 4 measurements; ••9 measurements 
Table 1: Lateral expansion (swelling) of PAN and PDMS/PAN composite 
membranes in pure solvents with zero applied pressure; standard deviation of 
measurements are shown in brackets 
Figure 1: SEM micrograph of a composite PAN/PDMS membrane 
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(a) (b) 
(2)1 (8) 
1 (7) (11) (13) 
(9) (10) (9) 
(12) 
Figure 2: Schematics of apparati for measurements of membrane swelling (a) no applied 
pressure (b) with applied pressure. Legend: (1) comparator stand; (2) overall height 
adjustment via screw adjustment; (3) flat-bottomed round dish; ( 4) spacer; (5) membrane or 
substrate sample to be tested; (6) inductive probe; (7) measurement tip (linear movement); (8) 
connecting cable; (9) electronic gauge column; (10) optional interface to PC; (11) cantilever 
bar; (12) weight; (13) support frame and bearing mount for cantilever bar 
Figure 3: Swelling propensity of the PDMS layer 
in a PAN/PDMS composite membrane as induced by pure solvents 
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Figure 5: Swelling propensity of the PDMS layer in a composite 
PDMSIP AN membrane for two alkyl solvent/ethanol mixtures 
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Appendix 2 
APPENDIX 2- SUPPORTING INFORMATION RELATING TO 
CHAPTER2 
2.1 Dynamic Mechanical Analysis data 
2.2 Derivation ofEiastic Modulus for PDMS layer 
2.1 DYNAMIC MECHANICAL ANALYSIS (DMA) DATA 
0.06 ,.------------------
0.05 
0.04 
LO 
; 0.03 
..... 
0.02 
0.01 
- GKSS 2 micron 
- GKSS 10 micron 
- Twente 1.5 micron 
- PAN Substrate 
0 +---.---r-------~--~--~-~---1 
-140 -120 -100 -80 -60 -40 -20 0 20 40 
Temperature (0 C) 
Figure A2.1 - Tan 8 plotted against temperature for three composite membranes and 
the PAN substrate material. 
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Figure A2.2 - Storage modulus plolled against temperature for three composite 
membranes and one sample ofsubstrate material. 
2.2 - DERIVATION OF ELASTIC MODULUS FOR PDMS LAYER 
When Tan 8 is low, the Elastic Modulus (E) and be approximated to the Complex 
Modulus (£\ which is measured experimentally. For the PDMS membrane samples, 
the measured modulus is that for the composite material rather than the ind ividual 
PDMS layer. The modu lus of the individual PDMS layer can be derived if the modulus 
of the composite and the modul us of the PAN substrate are known. Figure A2.3 shows a 
representation of a composite material which is subject to a force in the vertical 
di rection, wh ich causes elastic deformation of the composite. 
The total force acting on the composite material, F, is balanced in the opposite direction 
by the forces in each material , i.e. 
(A2.1) 
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Figure A2.3- Diagram of a composite material subjected to deformation in the vertical 
direction. 
The stress in each material, o; can be expressed in terms of force and area: 
F 
a-=-
A 
Where A = dx.The stress can be related to the Elastic Modulus by: 
(]" 
E=-
E 
Where E = M . Combination of Equations A2.1 - A2.3 yields: 
l 
(A2.2) 
(A2.3) 
(A2.4) 
Assuming that the strain is the same in each material as implied in Figure A2.3, 
Equation A3.4 becomes: 
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(A2.5) 
Since the width of each composite component is the same, the areas can be expressed in 
terms of the thickness of each material: 
(A2.6) 
If the thickness of each material is known, along with the moduli of the composite and 
one of the component materials then the modulus of the second component material can 
be calculated. 
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APPENDIX 3- SUPPORTING INFORMATION RELATING TO 
CHAPTER3 
3.1 Solubility Parameters 
3.2 Solvent physical properties 
3.3 Analysis of a commercial gasoline fuel 
3.4 Solvent mixtures 
3.5 References 
. 3.1 SOLUBILITY PARAMETERS 
Solubility Parameters (MPa)0·5 
Classification Solvent t5 oP oh t5a 
Alkanes n-pentane 14.4 0 0 14.5 
i-pentane 14.4 0 0 14.4 
n-hexane 14.9 0 0 14.9 
cyclohexane 16.8 0 0.2 16.7 
n-heptane 15.2 0 0 15.3 
n-octane 15.4 0 0 15.5 
i-octane 14 0 0 14.1 
n-nonane 15.7 0 0 15.8 
n-decane 15.9 0 0 15.8 
Aromatics benzene 18.7 0 2 18.4 
toluene 18.2 1.4 2 18 
o-xylene 18.2 1 3.1 17.8 
ethylbenzene 18 0.6 1.4 17.8 
Alcohols methanol 29.2 12.3 22.3 15.1 
ethanol 26.5 8.8 19.4 15.8 
n-propanol 24.9 6.1 17.6 15.9 
i-propanol 23.6 6.1 16.4 15.8 
Table A3.1 - Hildebrand ( t5) and Hansen ( 0,. &,, Oa) solubility parameters of selected 
solvents. Data taken from [137]. 0= ~o: +o; + o,i . 
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3.2 SOLVENT PHYSICAL PROPERTIES 
Classification Solvent Density Viscosity Molar Volume 
kg/m3 mPa.s x104 m3/mol 
Straight-Chain Alkane n-hexane 660 0.32 1.303 
n-heptane 681 0.40 1.468 
Branched Alkane i-hexane 653 0.27 1.317 
i-heptane 678 0.34 1.475 
i-octane 692 0.46 1.647 
Cyclic Alkane cyclohexane 779 0.95 1.078 
Aromatic xylene 861 0.65 1.231 
Table A3.2- Densities, Viscosities and Molar Volumes of solvents studied. All values 
are taken from published data and estimation methods [ 138] at 20°C. 
PEAK COMPOUND WEIGHT% VOLUME% 
1 Toluene+ 2,3,3-TrimeC5 0.10 0.10 
2 Ethyl benzene 18.33 18.28 
3 m-Xylene 55.14 55.27 
4 p-Xylene 15.65 15.72 
5 Unknown Peak 0.04 0.04 
6 4-Methyloctane 0.04 0.05 
7 1 ,t2,c4-Trimethylcyclohexane 0.05 0.06 
8 o-Xylene 10.52 10.33 
9 Unknown Peak 0.05 0.06 
10 Unknown Peak 0.08 0.09 
Table A3.3- Composition of the different isomers present in the xylene solvent used for 
all experimental work presented in Chapters 3 - 6. Analysis perfonned by Shell Global 
Solutions, Chester. 
3.3 ANALYSIS OF A COMMERCIAL GASOLINE FUEL 
A permeation experiment was carried out using the SEPA apparatus at Shell Global 
Solutions. The test pressure was 10 bar, and the test performed at a crossflow rate of 4 
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Jlmin. The feed and permeate gasolines were analysed by GC, using the standard test 
method IJFTP/26. A summary of the GC results is shown in Table A3.4: 
C Number/He type Feed Permeate C Number/HC type Feed Permeate 
%vlv %v/v %v/v %v/v 
3 n-Paraffins 0.17 0.14 8 n-Paraffins 0.70 0.71 
3 n-Oiefins 0.01 0.01 8 !-Paraffins 9.75 9.95 
3 Unknowns 0.00 0.00 8n-Oiefins 0.38 0.38 
Total C3 0.18 0.15 81-0iefins 0.15 0.15 
8 Dienes 0.00 0.00 
4 n-Paraffins 6.00 5.06 8 Naphthenes 0.66 0.68 
4 !-Paraffins 1.00 0.84 8 Cyclic Olefins 0.00 0.00 
4 n-Oiefins 0.24 0.20 8 Aromatics 17.00 17.35 
4 i-Oiefins 0.12 0.10 8 Unknowns 0.33 0.34 
4 Dienes 0.00 0.00 Total CS 28.97 29.56 
4 Unknowns 0.00 0.00 
Total C4 7.36 6.20 9 n-Paraffins 0,07 0.08 
91-Paraffins 1.49 1.52 
5 n-Paraffins 1.11 1.07 9n-Oiefins 0.00 0.00 
5 !-Paraffins 5.03 4.99 9 1-0iefins 0.00 0.00 
5 n-Oiefins 1.17 1.11 9 Dienes 0.00 0.00 
5 i-Oiefins 1.29 1.27 9 Naphthenes 0.14 0.15 
5 Oienes 0.02 0.02 9 Cyclic Olefins 0.00 0.00 
5 Naphthenes 0.36 0.35 9 Aromatics 12.49 12.75 
5 Cyclic Olefins 0.13 0.10 9Unknowns 0.12 0.12 
5 Unknowns 0.00 0.00 Total C9 14.32 14.61 
Total CS 9.12 8.90 
10 n-Paraffins 0.03 0.03 
6 n-Paraffins 0.64 0.63 10 !-Paraffins 0.11 0.11 
6 i-Paraffins 4.44 4.46 10 n-Oiefins 0.00 0.00 
6 n-Oiefins 0.70 0.70 1 o I·Oiefins 0.00 0.00 
6 i-Oiefins 1.47 1.50 10 Dienes 0.00 0.00 
6 Dienes 0.00 0.00 10 Naphthenes 0.00 0.00 
6 Naphthenes 1.39 1.41 10 Cyclic Olefins 0.00 0.00 
6 Cyclic Olefins 0.04 0.04 10 Aromatics 5.25 5.35 
6 Aromatics 1.42 1.41 10 Unknowns 0.06 0.06 
6 Unknowns 0.00 0.00 Total CtO 5.44 5.55 
Totat C6 10.09 10.16 
11 n-Paraffins 0.00 0.00 
7 n-Paraffins 1.36 1.39 11 !-Paraffins 0.48 0.48 
7 i-Paraffins 4.64 4.74 11 n·Oiefins 0.00 0.00 
7 n-Oiefins 0.63 0.64 11 I·Oiefins 0.00 0.00 
7 f-Oiefins 1.17 1.19 11 Dlenes 0.00 0.00 
7 Olenes 0.00 0.00 11 Naphthenes 0.00 0.00 
7 Naphthenes 1.17 1.19 11 Cyclic Olefins 0.00 0.00 
7 Cyclic Olefins 0.00 0.00 11 Aromatics 0.47 0.48 
7 Aromatics 13.86 14.14 11 Unknowns 0.22 0.22 
7 Unknowns 0.00 0.00 Total C11 1.16 1.18 
Total C7 22.82 23.29 
Total C12+ 0.38 0.39 
Table A3.4- Gas-Chromatography analysis of feed and penneate gasolines. 
Of note is that the lighter components (C3-C5) are depleted in the permeate, with C3 
and C4 permeate compositions around 15% lower than in the feed. This is most likely 
due to the evaporation of these components during the testing. The C6-C12 components 
in the permeate are around 2% higher than in the feed, which corresponds to the loss of 
C3-C5 components through evaporation. Examination of each group of solvents shows 
that no significant enrichment or removal has occurred (within the scatter due to 
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evaporative losses), and hence the base composition of the fuel is unaltered. A more 
specific breakdown of 195 identified components is shown in Table A3.5: 
Peak Compound Feed Perm. 
1 Propene 0.01 0.01 
2 Propane 0.17 0.14 
3 lsobutane 1.00 0.84 
4 lsobutene+But+ene 0.12 0.10 
5 n·Butane 6.00 5.06 
6 tBut·2-ene 0.13 0.11 
7 2.2-Dimethylpropane 0.02 0.02 
8 cBut·2·ene 0.11 0.10 
9 3-Methylbut+ene 0.06 0.06 
10 lsopentane 5.01 4.89 
11 Pent·1·ene 0.23 0.22 
12 2·Methylbut·1·ene 0.40 0.40 
13 n-Pentane 1.11 1.09 
14 2·Methyl-1,3·butadiene O.Q1 0.01 
15 tPent·2·ene 0.61 0.60 
16 3,3·Dimethylbut+ene 0.00 0.00 
17 cPent·2·ene 0.33 0.33 
18 2-Methylbut·2·ene 0.83 0.84 
19 11 ,3·Pentadlene 0.01 0.01 
20 2,2-Dimethylbutane 0.29 0.29 
21 Cyclopentene 0.13 0.12 
22 4-Methylpent·1·ene 0.04 0.04 
23 3-Methylpent+ene 0.06 0.06 
24 Cyclopentane 0.36 0.35 
25 2,3·Dimethylbutane 0.69 0.70 
26 MTBE 0.16 0.16 
27 4-Methyl-cpent·2·ene 0.04 0.04 
28 2·Methylpentane 2.16 2.18 
29 4·Methyl-tpent·2-ene 0.12 0.12 
30 3-Methylpentane 1.30 1.32 
31 2-Methylpent+ene 0.20 0.21 
32 Hex·1-ene 0.13 0.13 
33 n·Hexane 0.84 0.65 
34 C+!Hex·3-ene 0.23 0.24 
35 tHex-2-ene 0.34 0.35 
36 2·Methylpent-2-ene 0.43 0.44 
37 3·Methyl-cpent·2·ene 0.25 0.25 
38 4,4-Dimethylpent+ene 0.19 0.20 
39 3·Methyl-tpent·2-ene 0.32 0.32 
40 Methylcyclopentane 1.07 1.09 
41 2,4-Dimethylpentane 0.52 0.53 
42 2,2,3-Trimethylbutane 0.02 0.02 
43 Benzene + 1- 1.42 1.44 
Methylcyclopentene 
44 3·Methylhex+ene 0.02 0.02 
45 3,3·Dimethylpentane 0.11 0.11 
46 Cyclohexane 0.32 0.32 
47 2,4-Dimethylpent-2-ene 0.01 0.01 
48 5-Methylhex-1-ene 0.06 0.06 
49 2·Methyl·thex·3·ene 0.02 0.02 
50 4·Methyl·clthex·2·ene 0.10 0.10 
51 2-Methylhexane+2,3·DimeC5 2.18 2.22 
52 1,1-Dimethylcyclopentane 0.02 0.02 
53 Cyclohexene 0.04 0.04 
54 3·Methylhexane 1.82 1.85 
55 3,4-Dimethyl-cpent·2·ene 0.04 0.04 
Peak Compound 
99 2,2,4·Trimethylhexane 
100 t1 ,2·Dimethylcyclohexane 
101 !Oct-4·ene 
102 n·Octane 
103 tOct-2-ene 
104 2,4,4-Trimethylhexane 
105 lsopropylcyclopentane 
106 Oct·3·ene 
107 2,3,5-Trimethylhexane 
108 2,2·Dimethylheptane 
109 Unknown Peak 
110 Unknown Peak 
111 2,4-Dimethylheptane 
112 n-Propylcyclopentane 
113 2,6·Dimethylheptane 
114 1,1 ,3·Trlmethylcyclohexane 
115 2,5·Dimethylheptane 
116 Ethylbenzene 
117 Unknown Peak 
118 m-Xylene 
119 p-Xylene 
120 3,4·Dimethylheptane 
121 4-Methyloclane 
122 2-Methyloctane 
123 Unknown Peak 
124 3·Methyloctane 
125 o-Xylene 
126 Unknown Peak 
127 Unknown Peak 
128 Unknown Peak 
129 Unknown Peak 
130 lsobutylcyclopentane 
131 n-Nonane 
132 Unknown Peak 
133 lsopropylbenzene 
134 Unknown Peak 
135 3,3·Dimethyloctane 
136 n-Propylbenzene 
137 m·Ethylloluene 
138 p·Ethylloluene 
139 1,3,5-Trimethylbenzene 
140 4-Methylnonane 
141 o-Ethylloluene 
142 2·Methylnonane 
143 1 ,2,4· Trlmethylbenzene 
144 lsobutylbenzene 
145 s·Butylbenzene 
146 n·Decane 
147 1 ,2,3· Trimelhylbenzene 
148 m-lsopropylloluene 
149 p·lsopropylloluene 
150 lndan 
151 Unknown Peak 
152 o-lsopropylloluene 
153 1 ,3-Diethylbenzene 
Feed Perm. 
0.11 0.11 
0.07 0.07 
0.25 0.26 
0.70 0.71 
0.10 0.10 
0.13 0.14 
0.09 0.09 
O.Q3 0.03 
0.03 0.03 
0.01 0.01 
0.02 0.02 
0.02 0.02 
0.05 0.05 
0.05 0.05 
0.03 0.03 
0.03 0.03 
0.12 0.12 
3.14 3.21 
0.02 0.02 
6.88 7.02 
2.85 2.91 
0.03 0.04 
0.14 0.14 
0.22 0.22 
0.02 0.02 
0.25 0.25 
4.13 4.21 
0.04 0.04 
0.07 0.07 
0.04 0.04 
0.03 0.03 
0.12 0.12 
0.07 0.08 
0.02 0.02 
0.35 0.35 
0.02 0.03 
0.03 0.03 
1.09 1.11 
2.56 2.61 
1.13 1.15 
1.02 1.05 
0.03 0.03 
1.15 1.18 
0.06 0.06 
3.93 4.00 
0.10 0.11 
0.11 0.11 
0.03 0.03 
0.95 0.96 
0.18 0.18 
0.05 0.05 
0.32 0.32 
0.02 0.02 
0.04 0.04 
0.23 0.23 
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56 c1,3-Dimelhylcyclopenlane 0.19 0.19 
57 11,3-Dimelhylcyclopenlane 0.16 0.16 
58 11,2-Dimelhylcyclopenlane 0.34 0.35 
59 lsooclane 4.07 4.15 
60 Hepl+ene 0.05 0.05 
61 3-Melhyl-chex-3-ene 0.06 0.06 
62 C701efin 0.10 0.10 
63 IHepl-3-ene 0.25 0.25 
64 n-Heplane 1.36 1.39 
65 cHepl-3-ene 0.13 0.13 
66 2-Melhylhex-2-ene 0.15 0.15 
67 3-Methyl-lhex-3-ene 0.10 0.10 
68 IHepl-2-ene 0.13 0.13 
69 3·Eihylpenl·2·ene 0.05 0.05 
70 3·Melhyl·chex·2·ene 0.09 0.09 
71 cHepl-2-ene 0.13 0.13 
72 2,3·Dimelhylpenl-2-ene 0.13 0.13 
73 Melhylcyclohexane 0.35 0.36 
74 1,1,3-Trimelhylcyclopentane 0.03 0.04 
75 2,2-Dimelhylhexane 0.07 0.07 
76 Elhylcyclopenlane 0.1 o 0.1 o 
77 2,5-Dimelhylhexane 0.64 0.66 
78 2,4-Dimelhylhexane 0.72 0.74 
79 1,t2,c4·Trlmelhylcyclopentane 0.07 0.07 
80 3,3-Dimelhylhexane 0.07 0.07 
81 1,t2,c3·Trimelhylcyclopenlane 0.02 0.02 
82 2,3,4-Trlmelhylpenlane 1.65 1.68 
83 Toluene+2,3,3-TrimeC5 13.86 14.13 
84 1,1,2-Trimelhylcyclopenlane 0.07 0.07 
85 2-Melhyl·lhepl-3-ene 0.02 0.02 
86 Unknown Peak 0.03 0.03 
87 2,3-Dimelhylhexane 0.65 0.66 
88 2,5-Dimelhylhex-2-ene 0.13 0.14 
89 2·Melhylheptane 0.63 0.64 
90 4-Melhylheplane 0.39 0.39 
91 c1,3-Dimelhylcyclohexane 0.03 0.03 
92 3-Melhylheptane 0.78 0.79 
93 1,c2,t3·Trimelhylcyclopentane 0.21 0.22 
94 2,2,5· Trimethylhexane 0.37 0.37 
95 3-Eihylhexane 0.07 0.07 
96 Unknown Peak 0.05 0.06 
97 11,2-Eihylmelhylcyclopenlane 0.03 0.03 
98 Unknown Peak 0.05 0.05 
154 m-n·Propylloluene 0.66 
155 p-n-Propylloluene + 1,4· 0.52 
Dietbz 
156 n-Butylbenzene 0.47 
157 1,3-Dimelhyl-5-elhylbenzene 0.03 
158 1,2-Dielhylbenzene 0.24 
159 1·Melhyl-4+butylbenzene 0.07 
160 o-n-Propylloluene 0.36 
161 4·Melhyldecane 0.44 
162 2-Melhyldecane 0.04 
163 1,4-Dimelhyl·2·ethylbenzene 0.65 
164 1,3-Dimelhyl-4-ethylbenzene 0.03 
165 Unknown Peak 0.02 
166 1,2·Dimethyl·3·elhylbenzene 0.17 
167 1,2,4,5-Telramelhylbenzene 0.29 
168 1,2,3,5-Telramelhylbenzene 0.45 
169 4-Melhylindan 0.14 
170 2-Melhylindan 0.03 
171 1,3-Di-isopropylbenzene 0.20 
172 s-Pentylbenzene 0.19 
173 o-n-Butyltoluene 0.02 
174 Tetralin 0.02 
175 Unknown Peak 0.04 
176 Naphthalene 0.39 
177 Dimethylindan Isomer 0.01 
178 n-Dodecane 0.09 
179 Unknown Peak 0.05 
180 C12 Aromatic 1 0.04 
181 C12 Aromatic 2 0.00 
182 Methyltetralln Isomer 0.02 
163 Unknown Peak 0.01 
184 Unknown Peak 0.00 
185 2·Methylnaphthalene 0.04 
186 1·Melhylnaphthalene 0.17 
187 Unknown Peak 0.12 
188 Unknown Peak 0.00 
189 Unknown Peak 0.02 
190 Unknown Peak 0.02 
191 Unknown Peak 0.01 
192 Unknown Peak 0.01 
193 Unknown Peak 0.01 
194 Unknown Peak 0.00 
195 Unknown Peak 0.01 
Table A3.5- Detailed component analysis of feed and penneate gasolines 
3.4 FLUX BEHAVIOUR OF SOLVENT MIXTURES 
0.67 
0.53 
0.48 
0.03 
0.25 
0.07 
0.36 
0.45 
0.04 
0.67 
0.04 
0.02 
0.17 
0.30 
0.46 
0.15 
0.03 
0.20 
0.20 
0.02 
0.02 
0.04 
0.39 
0.01 
0.09 
0.05 
0.05 
0.00 
0.02 
O.D1 
0.00 
0.05 
0.18 
0.12 
0.00 
0.02 
0.02 
O.D1 
O.D1 
0.01 
0.00 
0.01 
The flux behaviour of two binary solvent systems was investigated. The two solvent 
systems were n-heptane/xylene and n-hexane/cyclohexane, chosen to illustrate the 
behaviour of cyclic/straight-chain mixtures. In both cases, the fluxes of the n-alkanes 
were higher than that of the cyclic compounds at equivalent pressures, and no separation 
of the solvent mixtures by the membrane occurred under this mode of operation 
(mixtures analysed using a refractive index technique). It is noted that mixtures were not 
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analysed for potential separation at pressures below 3 bar. The non-separation of solvent 
mixtures is also in agreement with the data of Paul et al. [ 139] and Mach ado et al. 
[140], and a more thorough description of the reason for this behaviour is given in 
Chapter 3. The flux behaviour of the two binary systems was modelled with the Hagen-
Poiseuille equation as shown in Figure A3.1 and Figure A3.2. 
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o 70% xylene/30% n-heptane 
o 35% xylene/65% n-heptane 
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Figure AJ.l- Hagen-Poisuelle model for the xylene/n-heptane binary solvent system. R2 
value calculated and line fitted with n-heptane data omitted. 
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Figure A3.2 - Hagen-Poisuelle model for the n-hexane/cyclohexane binary solvent 
system. If value calculated and line fitted with n-hexane data omitted. 
For both solvent systems studied, intermediate mixtures follow the same trend as for the 
cyclic compounds (cyclohexane and xylene), with the pure straight-chain alkanes 
outlying the rest of the data. Since the chemistry of the two cyclic compounds is quite 
different the effect is likely to be influenced in some way by their cyclic shape. It is 
thought that pure straight-chain hydrocarbons are able to become more ordered when 
permeating through a confined space such as the transport region within PDMS, and 
hence increase their viscosity. Such an explanation is suggested by Bowen and Welfoot 
[141], who investigated the behaviour of nanofiltration membranes with aqueous 
systems The cyclic shape of cyclohexane and xylene may make them more rigid, and 
not prone to such effects to the same degree as straight-chain species. In MP and UF the 
membrane pore size is much greater than the molecular dimensions of the permeating 
solvent, however the same cannot be said of NF, and it is possible that the transport 
region within the membrane is of the same order of size as the solvent molecules. Since 
viscosity is a bulk liquid property, it may have limited validity when applied to 
hydraulic transport through NF membranes. Viscosity increases in confined transport 
regions go some way to explain why the Hagen-Poiseuille plots for heptane and hexane 
lie below those of cyclohexane and xylene. Viscosity increases of 10 % for n-heptane 
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and 30 % for n-hexane would be required to produce the deviations shown in Figure 
A3.1 and Figure A3.2. 
Alternatively, the deviations may be caused by the swelling effects detailed previously. 
It is possible that the swelling behaviour of the solvent mixtures used in this study do 
not vary linearly with composition. Yoo et al. [142] demonstrated non-linear swelling 
behaviour with mixtures of n-hexane/acetone and n-hexane/ethanol in PDMS, although 
data for the binary solvent systems used in this study is currently unavailable. 
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APPENDIX 4- SUPPORTING INFORMATION RELATING TO 
CHAPTER4 
4.1 Initial screening tests 
4.2 Physical properties and analytical detection methods for solute compounds 
4.3 Correction for pressure drop 
4.4 Correction of flow rate 
4.5 Rejection-pressure relationships for further solute compounds 
4.6 Calculation of solute size, and calculated sizes for each solute compound 
4.7 Limiting solute rejection plotted against different estimations of solute size 
4.8 Rejection-Pressure Relationships for 1 J.!m and 10 J.!m PDMS membranes 
4.9 Permeability and limiting solute rejection 
4.10 Correlations with the Solution-Diffusion model 
4.11 Correlations with the Spiegler-Kedem model 
4.12 Correlations with the Pure-Diffusion model 
4.13 Correlations with the Convection-Diffusion model 
4.14 Measurement of Diffusion Coefficients 
4.15 Nomenclature 
4.16 References 
4.1 INITIAL SCREENING TESTS 
14 potential solute compounds were initially procured based on their cost, availability 
and safety issues regarding their handling. The compounds span a range of molecular 
weights (84-611 g/mol) and could be classified into four generic groups; 
Organometallics, PNAs, nitrogen-bearing and sulphur-bearing compounds. Their 
solubilities in xylene were assessed at room temperature, and an attempt was made to 
quantify their concentrations in xylene using uv/vis and refractive index techniques. 
Table A4.1 shows the results of these initial screening tests. 
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Analytical Methods 
Classification Compound Molecular Solubility in uv/vis Refractive Weight Xylene index 
glmol pp m 
Organometallic Ferrocene 186 >50 y n 
Iron (Ill) acetyl acetonate 353 >50 y n 
Copper Naphthenate 611 >50 y n 
Iron Naphthenate 373 >50 y n 
Copper (11) i-butyrate 238 0 
Copper (11) cyclohexanebutyrate 402 >50 n n 
Copper (11) neodecanoate 406 >50 n n 
Poly-nuclear aromatics 9,10-Diphenylanthracene 330 >50 y n 
Pyre ne 202 >50 y n 
Phenanthrene 178 >50 y n 
Nitrogen-bearing 2-(4-Bipheny1y1)-6-pheny1benzoxazole 347 >50 n n 
Benzopinacole 366 >50 n n 
Sulphur-bearing Thiophene 84 >50 n y 
1-butanethiol 90 >50 n y 
Table A4.1 - Assessment of solubility and detectability of organometallic, PNA, 
nitrogen & sulphur-bearing solute compounds. 
Of all the compounds studied, only Copper (II) i-butyrate was effectively insoluble in 
xylene. UV-vis techniques proved sufficient for the analysis of all PNAs and several 
organometallics. The refractive index method was only found to be valid for the 
sulphur-bearing compounds. Detailed analytical spectra for these compounds are shown 
in Appendix 4.2. 
Preliminary Solute Rejection Studies 
Preliminary screening tests were carried out using the same apparatus used to evaluate 
solvent flux as described in Chapter 3. In this case, the valve on the retentate outlet was 
opened to permit a small amount of crossflow, which prevented a build-up of solute on 
the membrane surface (provided that the solvent transports preferentially over the 
solute). The detectable solute compounds were evaluated in xylene and n-heptane 
solvents at a pressure of 5 bar and crossflow rate of approximately 20 mllmin. A stage 
cut of 10 - 20% was taken, which meant that the crossflow rate has to be low in order to 
permeate enough sample for analysis before the reservoir was emptied. Solute 
concentrations were 20 - 50 ppm by weight for organometallic and PNA compounds, 
and 5% w/w for the sulphur-bearing compounds (higher concentrations were used due 
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to the resolution of the refractive index technique). Table A4.2 shows the solute 
rejection in xylene and n-heptane under this operating regime. 
Compound Molecular Rejection in Rejection in Weight Xylene n-heptane 
Ferrocene 186 0.0 0.0 
Iron (Ill) acetyl acetonate 353 0.31 ± 0.05 0.19±0.09 
Copper N aphthenate 611 0.90±0.05 0.86±0.05 
Iron N aphthenate 373 1.0 0.96 ±0.03 
9, I 0-Diphenylanthracene 330 0.25 ±0.04 0.15 ±0.05 
Pyre ne 202 0.0 0.0 
Phenanthrene 178 0.0 0.0 
Thiophene 84 0.0 
1-butanethiol 90 0.0 
Table A4.2 - Rejections and molecular weight of a range of organometallic, PNA and 
sulphur-bearing solute compounds. 
Interestingly, many of the compounds are not separated when passed through the 
membrane. In all the literature studied, no evidence of this phenomenon was found, 
with all the compounds cited being subject to some degree of separation. Figure A4.1 
shows the rejections in both solvents plotted against the solute molecular weight. 
With the possible exception of Copper (11) Naphthenate, it appears that the separation 
mechanism of non-polar solutes is predominantly size exclusion, with the MWCO of 
the membrane being in the region of 350 - 400 g/mol according to this particular 
operating regime. The rejections in n-heptane are consistently lower than those in 
xylene, although in some cases there is a degree of overlap due to the relatively large 
experimental error. Despite the error in the measurements, the preliminary rejection 
results support the hypothesis of a porous structure due to swelling of the membrane, 
which was introduced in Chapter 3. The low molecular weight compounds are thought 
to permeate the membrane under a hydraulic flow regime, whereby they are not 
separated from the solvent. Larger compounds have a very high rejection or are retained 
altogether. 
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Figure A4.1 -Average rejections in xylene and n-heptane solvents plotted against 
solute molecular weight. 
The compounds which attain an intermediate rejection are those most suitable for study 
in a test matrix as there is plenty of scope for the rejection to change under different 
conditions of pressure, crossflow and solvent-type. Two compounds have been 
identified in Figure A4.l; Iron (ill) Acetylacetonate and 9,10 Diphenylanthracene, 
whose structures are shown in Figure A4.2. 
Iron (III) Acetylacetonate 9,10 Diphenylanthracene 
Figure A4.2 - Structures of the two primary solute compounds for study in a test matrix. 
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4.2 PHYSICAL PROPERTIES AND ANALYTICAL DETECTION 
METHODS FOR SOLUTE COMPOUNDS. 
This section details the structures and physical properties of the 14 compounds used to 
study solute rejection. Thiophene and 1-butanethiol were detected using a refractive 
index technique, the remaining solutes were detected using UV -vis spectroscopy. The 
spectroscopy data shown is that of the solute absorbance at various wavelengths, and 
the absorbance-concentration profile at the specific wavelength at which the solute was 
detected. In all cases the absorbance-concentration profiles were linear. 
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I. Iron (]11) Acetylacetonate 
Molecular Formula- CJsHz1Fe06 
Molecular Weight - 353 g/mol 
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0.5 
B ~ 0.4 
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.. 
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Figure A4.3 - Absorbance-wavelength characteristic for 20 ppm Iron (Ill) 
Acetylacetonate in xylene. 
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Figure A4.4- Absorbance-concentration profile for Iron (Ill) Acetylacetonate in xylene 
and n-heptane at 300 nm. 
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2. 9.]0 Diphenylanthracene 
Molecular Formula- C2Jl1s 
Molecular Weight- 330 g/mol 
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Figure A4.5 Absorbance-wavelength characteristic for 25 ppm 9,10 
Diphenylanthracene in xylene. 
0.8 ~--------------------~ 
• 
e o.6 
• c 
~ • 
... 
8 0.4 
c 
• 
-e • g 
.c 
< 0.2 • 
• 
0.0 
0 5 10 15 20 25 30 35 
Concentration In xylene (ppm) 
Figure A4.6 -Absorbance-concentration profile for 9,10 Diphenylanthracene in xylene 
at 380nm. 
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3. Iron ([[[) Naphthenate 
Molecular Formula - CmH.Ot;Fe 
Average Molecular Weight- 373* glmol 
• Molecular weight calculated from elemental iron composition supplied by 
manufacturer. 
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0.0 +----~--~~--~---~---~---~ 
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330 340 350 
Figure A4. 7- Absorbance-wavelength characteristic for 20 ppm Iron (Ill) Naphthenate 
in :xylene. 
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Figure A4.8- Absorbance-concentration profile Iron (Ill) Naphthenate in xylene at 300 
nm. 
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4. Copper([[) Naphthenate 
Molecular Formula - CmHn04Cu 
Average Molecular Weight - 611• g/mol 
• Molecular weight calculated from elemental copper composition supplied by 
manufacturer. 
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Figure A4.9 - Absorbance-wavelength characteristic for 40 ppm Copper (ll) 
Naphthenate in xylene. 
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Figure A4.10- Absorbance-concentration profile Copper (ll) Naphthenate in xylene at 
300nm. 
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5. Ferrocene 
Molecular Formula- CIOH10Fe 
Molecular Weight- 186 g/mol 
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Figure A4.11 - Absorbance-wavelength characteristic for 100 ppm Ferrocene in 
xylene. 
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Figure A4.12 -Absorbance-concentration profile for F errocene in xylene at 450 nm. 
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6. Thiophene 
Molecular Formula - CJ}4S 
Molecular Weight- 84 g/rnol 
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Figure A4.13 -Refractive lndex plotted against concentration of thiophene in xylene. 
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7. 1-Butanthiol (Butyl-mercaptan) 
Molecular Formula- C4HwS 
Molecular Weight- 90 g/mol 
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Figure A4.14 - Refractive Index plotted against concentration of 1-butanethiol in 
xylene. 
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8. Tetraphenylethylene 
Molecular Formula- Czc#zo 
Molecular Weight- 332 glmol 
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Figure A4.15- Absorbance-wavelength characteristic for 15 ppm Tetraphenylethylene 
in xylene. 
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Figure A4.16- Absorbance-concentration profile for Tetraphenylethylene in xylene at 
320nm. 
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9. Anthracene 
Molecular Formula- C,Jito 
Molecular Weight- 178 g/mol 
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Figure A4.17- Absorbance-wavelength characteristic for 25 ppm Anthracene in xylene. 
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Figure A4.18- Absorbance-concentration profile for Anthracene in xylene at 330 nm. 
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10. Coronene 
Molecular Formula- C42H12 
Molecular Weight - 300 g/mol 
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Figure A4.19- Absorbance-wavelength characteristic for 50 ppm Coronene in xylene. 
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Figure A4.20- Absorbance-concentration profile for Coronene in xylene at 380 nm 
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11. Rubrene 
Molecular Formula - C42H2s 
Molecular Weight- 532 glmol 
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Figure A4.21 -Absorbance-wavelength characteristic for 27.5 ppm Rubrene in xylene. 
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Figure A4.22 -Absorbance-concentration profile for Rubrene in xylene at 540 nm. 
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12. Phenanthrene 
Molecular Formula- C14H10 
Molecular Weight - 178 g/mol 
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Figure A4.23 - Absorbance-wavelength characteristic for 25 ppm Phenanthrene in 
xylene. 
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Figure A4.24 - Absorbance-concentration profile for Phenanthrene in xylene at 370 
nm. 
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13. Pyrene 
Molecular Formula- C1J!IO 
Molecular Weight- 202 g/mol 
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Figure A4.25- Absorbance-wavelength characteristic for 25 ppm Pyrene in xylene. 
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Figure A4.26- Absorbance-concentration profile for Pyrene in xylene at 335 nm. 
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14. Acenaphthene 
Molecular Formula- C12Hw 
Molecular Weight- 154 g/mol 
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Figure A4.27 - Absorbance-wavelength characteristic for 20 ppm Acenaphthene in 
xylene. 
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Figure A4.28 - Absorbance-concentration profile for Acenaphthene in xylene at 321 
nm. 
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4.3 CORRELATION FOR PRESSURE DROP 
A method was devised in order to calculate the pressure difference between the 
measured pressure at the module outlet and the actual pressure at the membrane surface. 
This was done by taking two samples of PDMS from the same sheet, one of which was 
used to measure solvent flux in dead-end mode (using the apparatus described in 
Chapter 3) and the other used to measure the flux under crossflow (using the air-driven 
apparatus). Since the solvents are pure (i.e. do not contain any solute which may deposit 
on the membrane surface), any difference in flux between the two modes of operation is 
assumed to be entirely due to the pressure drop induced by the crossflow. Figure A4.29 
shows flux-pressure relationships for xylene in both modes of operation, with several 
crossflow rates being employed: 
60 
• 0.564 Vmin 
• 0.282 Vmn 
• Dead End • • "C" • 
.o:; 40 • • ~ • • • ~ • 
" • 
" • ii: • 
" 
• • c • 
.!!! 20 • • i< • 
• 
0+---~---,----~---r---,----~---r--~r---,---~ 
0 1 2 3 4 5 6 7 8 9 10 
Measured Pressure (bar) 
Figure A4.29 - Flux-pressure relationship for xylene at different crossjlow rates. Data 
obtained at crossjlow rates of 0.141, 0.423 and 0. 704 Vmin omitted for clarity. 
It can be clearly seen that increasing the crossflow rate results in an increase in flux. 
The gradient of the flux-pressure relationship remains approximately equal for each 
crossflow rate, with the intercept increasing with increasing crossflow rate. If it is 
assumed that the crossflow rate induces a finite pressure drop, then ilie actual pressure 
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above the membrane surface, !:>P, is the sum of the measured pressure, !:>PM, and the 
pressure drop, f:>Pv: 
(A4.1) 
f:>Pv can be estimated such that the flux-pressure relationships at various crossflow rates 
overlay that obtained in dead end mode. Figure A4.30 shows f:>Pv calculated in this 
manner for xylene, cyclohexane and n-heptane: 
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• i1.5 
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Figure A4.30- Pressure drop plotted against crossjlow rate for xylene, n-heptane and 
cyclohexane. 
The pressure drops shown in Figure A4.30 appear to increase linearly with increasing 
crossflow rate for each solvent used. This is consistent with Darcy's Law, which also 
states that pressure drop is proportional to the solvent viscosity, and can be expressed 
as: 
(A4.2) 
Figure A4.31 shows a plot of f:>Pv against Qp for the three solvents studied: 
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Figure A4.31 -Pressure drop plotted against the product of crossflow rate and solvent 
viscosity. 
With the exception of one data point, the linear relationships for each solvent align to 
the same gradient when the solvent viscosity is considered. It is therefore possible to 
derive an empirical relationship for the pressure drop as a function of the solvent 
viscosity and crossflow rate: 
MD = 3421Qp (A4.3) 
where Q is the crossflow rate (Vrnin) and Jl the solvent viscosity (Pa.s). 
4.4 CORRECTION OF FLOW RATE 
The Krohne H250 flow meter consists of a float within a vertical tapered tube. A 
magnetic sensor detects the position of the float, and converts this to a flow rate based 
on a specific density and viscosity. A correction method is therefore required to convert 
the indicated flow rate (for a fluid of specific density and viscosity) to the flow rate 
corresponding to the density and viscosity of the solvent used. As an estimation (in the 
absence of any correlation parameters from the manufacturer) it is assumed that the 
settling velocity of the float is given by [143]: 
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(A4.4) 
In order for two fluids to give the same reading on the flow meter, the float must be in 
the same position in each case. For two liquids, 1 and 2: 
pI - p, = P 1 - Pz (A4.5) 
u,JI, UzJiz 
The fluid velocity can be expressed in terms of the liquid flow rate: 
Q=uA (A4.6) 
Where A is the cross-sectional area for the liquid flow. Equation A4.5 can therefore be 
written as: 
Qz Jl,(pl -pz) 
Q;"" = Jlz (p 1 - PJ (A4.7) 
The flow rate of the feed fluid, Q2, can therefore be calculated if its density Ul2) and 
viscosity (Jiz) are known. Q, is the indicated flow rate, and PI and p 1 the density and 
viscosity of the calibration fluid, 800 kg/m3 and 0.0516 mPa.s respectively. The density 
of the float was estimated as 3000 kg!m3• 
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4.5 REJECTION-PRESSURE RELATIONSHIPS FOR FURTHER SOLUTE 
COMPOUNDS 
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Figure A4.32- Rejection-pressure profiles of three PNA solutes in xylene. Sample 4.4. 
4.6 CALCULATION OF SOLUTE SIZE, AND CALCULATED SIZES FOR 
EACH SOLUTE COMPOUND 
Molecular size is estimated based on bond-lengths and covalent radii, along with the 
molecular structure of each solute compound. Table A4.3 shows the bond-lengths and 
covalent radii relevant to this work, with values taken from [144]. 
The solute size is calculated using the above values, and by resolving the bond-lengths 
to a particular plane using trigonometry. An example of such a calculation is shown in 
Figure A4.33, which shows a single aromatic ring and the complete structure of 9,10 
Diphenylanthracene. 
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Bond Type Bond Element Covalent Length Radius 
A A 
C-C cyclopentadiene 1.42 H 0.32 
C-C benzene 1.40 c 0.77 
C-C alkane 1.54 0 0.73 
C=C 1.34 
C-H 1.08 
C-0 1.43 
C=O 1.20 
Fe-0 2.22 
Fe-C cyclopentadiene 2.27 
Table A4.3 -Bond-lengths and covalent radii. Note that bond-lengths are specific to a 
certain environment, hence the three different values for the C-C bond [ 144]. 
o.32A H 
l.09A 
12.742 A 
2.794A 1.397 A 
2.414 A 1.221 A 
9.684 A 
Figure A4.33- Calculation of the molecular dimensions of9,10 Diphenylanthracene 
The molecular shape of 9,10 Diphenylanthracene is planar, that is to say it is effectively 
a two-dimensional molecule. The size of the aromatic ring is calculated based on the C-
C bond-length (1.397 A), the C-H bond-length (1.09 A) and the covalent radius of 
hydrogen (0.32 A). Trigonometry is used to resolve the C-H bond-length in the x and y 
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directions to give an estimate for the size of the entire aromatic ring. The dimensions of 
the entire molecule are then calculated in the same way. 
The maximum, minimum and average size of each of the solute compounds studied are 
shown in Table A4.4. 
Compound Minimum Maximum Average Size Size Size 
run nm nm 
Thiophene 0.295 0.516 0.406 
1-butanethiol 0.331 0.828 0.580 
Acenaphthene 0.670 0.727 0.699 
Anthracene 0.561 0.968 0.765 
Phenanthrene 0.771 0.848 0.810 
Ferrocene 0.522 0.538 0.530 
Pyrene 0.771 0.848 0.810 
Coronene 0.968 0.981 0.975 
9,10-Diphenylanthracene 0.968 1.274 1.121 
1,1,2,2 Tetraphenylethylene 0.708 0.995 0.852 
Iron (III) acetyl acetonate 1.291 1.291 1.291 
Iron Naphthenate 1.818 1.818 1.818 
Rubrene 1.210 1.274 1.242 
Copper Naphthenate 0.916 3.516 2.216 
Table A4.4- Minimum, maximum and average size of the solute compounds used in this 
study calculated using bond-lengths and covalent radii. 
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4.7 LIMITING SOLUTE REJECTION PLOTTED AGAINST SOLUTE SIZE 
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Figure A4.34 - Limiting solute rejection in xylene plotted against the average solute 
size. 
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Figure A4.35 - Limiting solute rejection in xylene plotted against the minimum solute 
size. 
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Solute Dimension Solute Rejection 
Samples Samples Sample 
Solute MW Maximum Minimum Average 4.1-4.8 4.1-4.8 4.11 
xylene n-heptane xylene 
g/mol run nm mn 
Thiophene 84 0.30 0.52 0.41 0 
1-butanethiol 90 0.33 0.83 0.58 0 
Acenaphthene 154 0.67 0.73 0.70 0 
Phenanthrene 178 0.77 0.85 0.81 0 0 
Anthracene 178 0.56 0.97 0.76 0 
Ferrocene 186 0.52 0.54 0.53 0 0 0 
Pyrene 202 0.77 0.85 0.81 0 0 0 
Coronene 300 0.97 0.98 0.97 0.41 
9,10-Diphenylanthracene 330 0.97 1.27 1.12 0.52 0.27 0.83 
Tetraphenylethylene 332 0.71 1.00 0.85 0.40 
Iron (Ill) acetyl acetonate 353 1.29 1.29 1.29 0.61 0.34 0.94 
Iron (Ill) Naphthenate 373 1.82 1.82 1.82 1.00 0.98 1.00 
Rubrene 532 1.21 1.27 1.24 0.73 
Copper (11) Naphthenate 611 0.92 3.52 2.22 0.97 0.93 
Table A4.5 - Summary of solute rejection in various solvents and with different 
membranes. 
4.8 REJECTION-PRESSURE RELATIONSHIPS FOR 1 J.Ull AND 10 J.Ull 
PDMS MEMBRANES 
0.8,---------------------------------------------. 
• 
• 
• • • • • 
0.6 • • • • 
• c 
~ • ~ 
~ 0.4 
$ 
• 
" ;& 
•10 micron 
0.2 •1 micron 
0+----r--~----.---~--~----r---~--~----r---~ 
0 2 3 4 5 6 7 8 9 10 
Pressure (bar) 
Figure A4.36 - Rejection-pressure profiles of 20 ppm 9,10 Diphenylanthracene in 
xylene obtained with 1 J111l (Sample 4.9) and 10 J111l (Sample 4.10) membranes. 
Rejection experiments were not perfonned at lower pressures with the 10 J111l membrane 
due to the very low jluxes obtained. 
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4.9 PERMEABILITY AND LIMITING SOLUTE REJECTION 
Membrane Membrane Xylene Limiting 
Type Sample Permeance Rejection 
xl0"12 m2/s.bar 
Variable 50kGy 2.832 0.64 
Crosslinking 100 kGy 1.990 0.73 
Density 200kGy 1.576 0.80 
Twente 0.829 0.83 
Variable I J..lm 1.928 0.75 
Thickness 10 J..lm 1.820 0.78 
Standard Sample 4.1 2.839 0.55 
Membranes Sample4.2 2.817 0.55 
Sample4.3 2.811 0.56 
Sample 4.4 2.706 0.58 
Sample4.5 2.756 0.57 
Sample4.6 2.956 0.51 
Sample4.7 2.113 0.66 
SamJ21e4.8 1.740 0.70 
Table A4.6- Permeability and limiting rejection of9,10 Diphenylanthracene for all the 
PDMS samples studied. 
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4.10 CORRELATIONS WITH THE SOLUTION-DIFFUSION MODEL 
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Figure A4.37- Rejection-pressure relationships of20 ppm 9,10 Diphenylanthracene in 
xylene for samples 4.2 - 4.8: Experimental data (points) and the Solution-DiffUsion 
model (lines). 
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Figure A4.38 - Rejection-pressure profiles of 20 ppm 9,10 Diphenylanthracene in 
xylene for I f.1111 (Sample 4.9) and 10 f.1111 (Sample 4.10) PDMS membranes: 
Experimental data (points) and the Solution-DiffUsion model. 
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Figure A4.39- Rejection-pressure profiles of 20 ppm 9,10 Diphenylanthracene with 
membranes of various degrees of crosslinking: Experimental data (points) and the 
Solution-Diffusion model (lines). 
Membrane k DsKs D;K; Correlation Coefficient 
x!0-12 m2/s.bar x!0-10 m2/s x10"10 m2/s 
Sample 1 2.817 6.27 0.200 0.701 
Sample 2 2.956 6.58 0.180 
Sample 3 2.811 6.26 0.190 0.597 
Sample4 2.839 6.32 0.190 0.574 
SampleS 2.706 6.03 0.170 
Sample 6 2.113 4.71 0.072 0.841 
Sample7 2.756 6.14 0.180 
Sample 8 1.740 3.87 0.057 0.934 
10 Jlffi 1.820 4.05 0.049 0.901 
1Jlm 1.928 4.29 0.067 0.961 
Twente 0.829 1.85 0.030 0.997 
200kGy 1.576 3.50 0.038 0.882 
lOOkGy 1.990 4.35 0.065 0.695 
50kGy 2.832 6.10 0.140 0.659 
Table A4.7 - Solution-Diffusion model parameters for each of the 14 membrane 
samples studied. In three cases, the correlation coefficients were too low to be 
quantified ( < 0.5) 
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Figure A4.39 - Rejection-pressure profiles for 9,10 Diphenylanthracene in three 
solvents and Sample 4.1: Experimental data (points) and the Solution-Diffusion model 
(lines). 
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Figure A4.40- Rejection-pressure profiles for three solutes at concentrations of 20 ppm 
in xylene with Sample 4.4: Experimental data (points) and the Solution-Diffusion model 
(lines). 
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Solvent Solute DsKs D;K; Correlation Coefficient 
x!0"10 m2/s x!0"10 m2/s 
xylene 9,10 Diphenylanthracene 6.2 0.17 0.574 
xylene Iron (III} Acetylacetonate 6.2 0.11 0.677 
xylene Rubrene 6.3 0.08 0.921 
xylene Tetraphenylethylene 6.3 0.50 
xylene Coronene 6.3 0.30 0.552 
n-heptane 9,10 Diphenylanthracene 7.5 1.10 
n-heptane Iron (ill) Acetylacetonate 7.5 0.83 
cyclohexane 9,10 Diphenylanthracene 5.9 0.35 
Table A4.8- Solution-Diffusion model parameters for a range of solvents and solutes. 
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Figure A4.41- Solution-Diffusion model parameters plotted against xylene permeance; 
parameters for the rejection of 9,10 Diphenylanthracene in xylene with 14 different 
membranes. 
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4.11 CORRELATIONS WITH THE SPIEGLER-KEDEM MODEL 
The Spiegler-Kedem model was found to provide an excellent fit to all the experimental 
data obtained, and hence the correlations have not been shown. The degree of fit is 
quantified by the Correlation Coefficient, which is shown in Table A4.9 along with the 
model parameters. 
Membrane Ps Correlation (1' Coefficient 
xl0"12 m2/s 
Sample 4.1 0.52 6.0 0.997 
Sample4.2 0.51 4.5 0.999 
Sample 4.3 0.54 6.5 0.990 
Sample 4.4 0.51 5.5 0.998 
Sample4.5 0.48 3.0 0.997 
Sample4.6 0.62 1.8 0.997 
Sample4.7 0.49 4.0 0.998 
Sample4.8 0.64 1.7 0.996 
1 Jlm 0.74 3.7 0.991 
10 Jlm 0.80 2.6 0.985 
Twente 0.83 2.0 0.996 
50kGy 0.60 5.6 0.994 
100kGy 0.70 2.9 0.996 
200kGy 0.78 2.0 0.998 
Table A4.9 - Spiegler-Kedem model parameters for the rejection of 9,10 
Diphenylanthracene with each of the 14 samples studied. 
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Solvent Solute Ps Correlation (J' Coefficient 
x10"12 m2/s 
xylene 9,10 Diphenylanthracene 0.52 6.0 0.997 
xylene Iron (Ill) Acetylacetonate 0.60 3.5 0.989 
xylene Rubrene 0.72 2.5 0.975 
xylene Tetraphenylethylene 0.33 9.5 0.994 
xylene Coronene 0.39 5.5 0.994 
n-heptane 9,10 Diphenylanthracene 0.21 12.0 0.989 
n-heptane Iron (Ill) Acetylacetonate 0.36 6.0 0.974 
cyclohexane 9,10 Diphenylanthracene 0.32 6.0 0.967 
Table A4.1 0- Spiegler-Kedem model parameters for the rejection of a number of 
solutes in a number of solvents. 
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Figure A4.42 - Spiegler-Kedem model parameters plotted against xylene permeance: 
parameters for the rejection of 9,10 Diphenylanthracene in xylene with 14 different 
membranes. 
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4.12 CORRELATIONS WITH THE PURE-DIFFUSION MODEL 
The solvent flux, ls, is governed by a hydraulic mechanism, and is given by: 
J _kM s - (A4.8) 
X 
Solute flux, ];, takes place via diffusion, with the activity gradient from feed to 
permeate, and equilibrium established between the bulk liquid and the swollen 
membrane: 
]. = D;(yiFC;F -y;pC;p) 
' 
(A4.9) 
X 
At equilibrium the permeate concentration of solute, C;p, can be expressed in terms of 
the flux of each component of the mixture. At low concentrations of solute the total flux 
can be approximated as the solvent flux and hence: 
c - l; _!.J.. 
;p- l; +1
5 
]
5 
(A4.10) 
Substituting Equations A4.8 and A4.9 into A4.10 yields: 
(A4.11) 
(A4.12) 
Expressing the terms for C;p and CiF in terms of solute rejection, R: 
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1_R = D,(riF -yiP(l-R)] 
kM 
Collecting like-terms in R gives: 
(A4.13) 
(A4.14) 
Rearrangement of Equation A4.14 yields the final result: 
(A4.15) 
The case shown in Chapter 4 is that where the activity coefficients are assumed to equal 
unity, i.e. for an ideal solvent/solute mixture. 
The PD model was found to correlate with the experimental data in a similar manner to 
the SD model, where the best fit was obtained with the data from the Twente membrane 
as shown in Figure A4.43. 
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Figure A4.43 - Rejection-pressure profile for 20 ppm 9,10 Diphenylanthracene in 
xylene with the Twente membrane: Experimental data (points) and Pure-Diffusion 
model (line). 
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Like the SD model, a poor fit was obtained for membrane samples with a relatively high 
xylene permeance. Table A4.11 shows the application of the PD model to the 
experimental rejection data for 9,10 Diphenylanthracene in xylene for 14 membrane 
samples, along with the correlation coefficient in each case. 
Membrane k D; Correlation Coefficient 
x10"12 m2/s.bar x!0-12 m2/s 
Sample4.1 2.82 20.0 0.688 
Sample4.2 2.96 18.0 
Sample4.3 2.81 19.0 0.574 
Sample4.4 2.84 19.0 0.550 
Sample4.5 2.71 16.5 
Sample4.6 2.11 7.5 0.816 
Sample4.7 2.76 17.0 
Sample4.8 1.74 5.5 0.909 
1J.Ul1 1.93 6.8 0.958 
10 !!ID 1.82 4.8 0.893 
Twente 0.83 2.8 0.997 
50kGy 2.83 14.5 0.774 
100kGy 1.99 6.5 0.675 
200kGy 1.58 3.5 0.874 
Table A4.11 - Pure-Diffusion model parameters and correlation coefficients for the 
rejection of9,10 Diphenylanthracene in xylene with all membranes studied. 
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Solvent Solute k D; Correlation Coefficient 
x10"12 m2/s.bar x10"11 m2/s 
xylene 9,10 Diphenylanthracene 2.84 1.90 0.558 
xylene Iron (Ill) Acetylacetonate 2.84 1.25 0.629 
xylene Rubrene 2.89 0.95 0.934 
xylene Tetraphenylethylene 2.89 5.80 
xylene Coronene 2.89 3.30 0.559 
n-heptane 9,10 Diphenylanthracene 4.43 1.20 
n-heptane Iron (Ill) Acetylacetonate 4.43 0.95 
cyclohexane 9,10 Diphenylanthracene 2.56 0.45 
Table A4.12- Pure-Diffusion model parameters for a range of solvents and solutes. 
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Figure A4.44 - Diffusion coefficient, D;, plotted against xylene permeance for all 
membranes studied. 
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4.13 CORRELATIONS WITH THE CONVECTION-DIFFUSION MODEL 
The Convection-Diffusion model was found to provide a very good fit to all the 
experimental data. The parameters used for all the membrane samples are shown in 
Table A4.13, and those for different solvent/solute combinations are shown in Table 
A4.14. 
Membrane k D; Correlation a Coefficient 
xl0·12 m2/s.bar xl0·12 m2/s 
Sample4.1 2.817 0.42 8.0 0.988 
Sample4.2 2.956 0.42 7.0 0.997 
Sample4.3 2.811 0.45 7.5 0.997 
Sample4.4 2.839 0.44 8.0 0.999 
Sample 4.5 2.706 0.48 4.0 0.992 
Sample4.6 2.113 0.33 2.3 0.995 
Sample4.7 2.756 0.44 6.5 0.997 
Sample4.8 1.740 0.30 2.0 0.998 
1 J.!m 1.928 0.22 4.0 0.994 
10 J.!m 1.820 0.20 2.0 0.979 
Twente 0.829 0.19 3.2 0.993 
50kGy 2.832 0.38 7.0 0.997 
100kGy 1.990 0.25 3.0 0.999 
200kGy 1.576 0.20 1.8 0.996 
Table A4.13 - Convection-Diffusion model parameters for the rejection of 9,10 
Diphenylanthracene in xylene with 14 membrane samples. 
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Solvent Solute Di Correlation a Coefficient 
x!0-12 m2/s 
xylene 9,10 Diphenylanthracene 0.42 8.0 0.997 
xylene Iron (ill) Acetylacetonate 0.40 2.5 0.985 
xylene Rubrene 0.27 1.5 0.979 
xylene Tetraphenylethylene 0.60 30.0 0.995 
xylene Coronene 0.59 3.3 0.998 
n-heptane 9,10 Diphenylanthracene 0.73 50.0 0.989 
n-heptane Iron (ill) Acetylacetonate 0.65 38.0 0.978 
cyclohexane 9,10 Diphenylanthracene 0.66 11.0 0.966 
Table A4.14 - Convection-Diffusion model parameters for a range of solvents and 
solutes. 
Of interest are the values of the model parameters for specific xylene permeances. 
Figure shows how a and Di vary with the xylene permeance. 
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Figure A4.45 - Convection-Diffusion model parameters, a and Di plotted against xylene 
permeance. 
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Despite some inevitable scatter, both parameters increase with increasing xylene 
permeance (decreasing degrees of crosslinking). When the degree of crosslinking is 
high, the regions in which transport takes place are more confined, which yields 
relatively low values of a and D; corresponding to more restricted flow of the solute. 
For lower degrees of crosslinking, the transport regions are much larger and hence the 
solute can move more freely. 
4.14 MEASUREMENT OF DIFFUSION COEFFICIENTS 
Each of the transport models in Sections 4.5.1 - 4.5.4 predict a diffusion coefficient for 
the solute within the PDMS material, which ranged from 6.0 x 10"12 to 1.1 x 10·10 m2/s. 
One method of evaluating the applicability of each model is to assess the predicted 
diffusion coefficient against a measured diffusion coefficient for that solute. 
Experimental 
Diffusion rates were measured using the apparatus depicted in Figure A4.46. The 
solvent/solute mixture was added to one side of the apparatus, and pure solvent to the 
other, with the volume of each being initially equal. 
Flange Membrane PTFE 3cm dia tube 
(316L) Disc Gasket (316L) 
~ \ I \ 
0 
Figure A4.46 - Apparatus for determination of diffusion coefficients through PDMS 
membranes. 
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The liquid levels were recorded, and samples were removed for subsequent UV-vis 
analysis at recorded time intervals. The mass of each sample removed was also recorded 
as this impacts on the later calculations. 
The change in concentration with time was calculated, and divided by the area to give 
the component flux. When plotted against the concentration difference (driving force) a 
linear relationship exists with a gradient of D;lx, where D; is the solute diffusion 
coefficient and x the membrane thickness. The value of D;lx obtained using such a 
method is that for the composite material (i.e. the PDMS layer and the substrate). Under 
permeation conditions (i.e. when a pressure is applied), viscous flow takes place 
through the porous substrate and hence no diffusive regime is prevalent. In order to 
calculate the true value of D;lx for the PDMS material rather than the composite, 
identical diffusion experiments were performed with the substrate material. Using a 
resistance-in-series approach, the total resistance to diffusive transport is equal to the 
sum of the resistances of each material in the composite as shown by Equation A4.16. 
Rcomposite = R PDMS + R Substrate (A4.16) 
From Pick's Law, the resistance to diffusive transport is equal to x!D;, so Equation 
A4.16 becomes: 
(A4.17) 
If x/D; values are obtained by experiment for the composite and the substrate, x/D; can 
be calculated for the PDMS layer using Equation A4.17. 
Results and Discussion 
Figure A4.47 shows the solute flux plotted against the concentration driving force for 
9,10 Diphenylanthracene in xylene. 
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Figure A4.47- Flux of 9,10 Diphenylanthracene as a function of concentration driving 
force. Note that concentrations are in ppm, and that (C2 - CJ)xJ0-6 are used for 
calculation purposes. 
Figure A4.47 shows that the gradient (D/x) for the composite and substrate are 
indistinguishable, both being of the order of 2 xlo-7 m/s. The inference is that the 
resistance to diffusive transport in the PAN substrate is significant, and that the 
presence of a 2 11m PDMS layer causes little change in the overall transport resistance. 
In this case the diffusion coefficient of the PDMS layer cannot be calculated using the 
resistance-in-series approach detailed earlier. 
An alternative is to calculate the value of (D/x) for the substrate for specific values of 
(D/x) for the PDMS layer. Figure A4.48 shows the experimental data for the substrate, 
along with the predicted solute flux for set values of Di for the PDMS layer (Di 
calculated assuming a thickness of 2 !lm) 
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Figure A4.48 - Diffusion of 9,10 Diphenylanthracene through the PAN substrate: 
Experimental data (points) and predictions based on set diffusivities for the PDMS 
layer (lines). 
Diffusion coefficients greater than 2 x10"12 m% for 9,10 Diphenylanthracene through 
the PDMS layer cause the predicted values of D/x for PAN to align with the 
experimental data. Lower diffusion coefficients cause significant deviations from the 
experimentally observed values. None of the models yielded diffusion coefficients 
lower than 2 x10"12 m2/s for 9,10 Diphenylanthracene, hence this method cannot be used 
to assess the applicability of the solute rejection models. 
4.15 NOMENCLATURE 
a Fraction of convective flow (CD model) 
A mz Cross-sectional area 
c Concentration 
dt m Aoat diameter 
D m2/s Diffusion coefficient of solute 
J m3/m2.s Flux 
k m2/s.bar Solvent permeance 
K Partition coefficient (SD model) 
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!:JP bar 
Ps m2/s 
Q m3/s 
R 
u mls 
X m 
Greek Letters 
r 
Jl 
p 
Pa.s 
kg!m3 
Trans-membrane pressure 
Solute permeance (SK model) 
Flow rate 
Rejection 
Flow velocity 
Membrane thickness 
Activity coefficient 
Viscosity 
Density 
u Reflection coefficient (SK model) 
Subscripts 
f Float 
F Feed 
i Species i 
p Permeate 
s Solvent 
4.16 REFERENCES 
143 R.H. Perry and D.W. Green. Perry's Chemical Engineers Handbook, Seventh 
Edition. 10-19. McGraw Hill, New York 1997. 
144 P.W. Atkins. Physical Chemistry. Oxford University Press, Oxford. 1998. 
4-325 
A endix 5 
APPENDIX 5- SUPPORTING INFORMATION RELATING TO 
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5.1 PHYSICAL PROPERTIES OF OXYGENATE COMPONENTS 
Substance Formula Maximum Density Viscosity 0 Dimension 
nm kg/m3 Pa.s MPao.s 
methanol CH30H 0.405 791 0.00055 29.2 
ethanol C2H50H 0.550 819 0.00115 26.5 
n-propanol C3HPH 0.728 802 0.00230 24.9 
i-propanol C3H70H 0.588 785 0.00240 23.6 
MTBE C4H90CH3 0.495 741 0.00027 18.2 
ETBE C4~0CzH5 0.649 750 18.4 
Table AS.l -Physical properties of oxygenate compounds used in Chapter 5. 
Densities and viscosities at 20°C are taken from Perry and Green [ 145] except for 
ETBE, whose properties were provided by [146]. Solubility parameter data is taken 
from Barton [147]. Molecular dimensions are calculated using the method discussed in 
Appendix 4.6. 
5.2 REFRACTIVE INDEX ANALYTICAL TECHNIQUE 
The Refractive Index (RI) of a binary mixture can be used to determine the 
concentration of each component in that mixture. Calibration tests were performed to 
assess the suitability of the RI method to determine alcohol/solvent concentration for a 
range of mixtures. Experiments were performed using a Refractometer (Bellingham and 
Stanley Ltd) at a temperature of 20°C, and the results shown in Figure AS.l and A5.2. 
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Figure A5.1 - Refractive index plotted against alcohol concentration for four 
alcohol/xylene mixtures. 
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Figure A5.2 - Refractive index plotted against ethanol concentration for ethanolln-
heptane mixtures. 
The Refractometer that was available gave RI values that were accurate to within 
0.0002 (based on repeat measurements of a single sample). In this case, the resolution of 
the technique was such that alcohol concentrations in xylene could be determined to 
within 0.2%, and those in n-heptane to within 0.8%. 
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5.3 FLUX-PRESSURE RELATIONSHIPS FOR REMAINING MIXTURES 
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Figure A5.3 - Component flux plotted against pressure for 25% ethanol in cyclohexane 
with Sample 5.1. 
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with Sample 5.1. 
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Figure A5.5- Component flux plotted against pressure for 25% ethanol in xylene with 
Sample 5.1. 
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Sample5.1. 
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5.4 BELL-SHAPED REJECTION PROFILE FOR n-HEPTANE 
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Figure A5.9 - Ethanol rejection plotted against ethanol concentration for ethanolln-
heptane mixtures with Sample 5.1. 
5.5 REJECTION-CONCENTRATION PROFILES FOR INDIVIDUAL 
MEMBRANE SAMPLES 
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Figure A5.10 - Ethanol rejection plotted against ethanol concentration for 
ethanol/xylene mixtures and different membrane samples. 
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Figure A5.12 - Methanol rejection plotted against methanol concentration for 
methanol/xylene mixtures and different membrane samples. 
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Figure A5.13 - component flux plotted against methanol concentration for 
xylene/methanol mixtures and two membrane samples. 
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Figure A5.14 - Component flux plotted against ethanol concentration for 
xylene/ethanol and n-heptanelethanol mixtures with the Twente membrane (Sample 
5.4). 
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Figure A5.15 - Component flux plotted against methanol concentration for 
xylene/methanol mixtures with Sample 5.4. 
5.7 REJECTION-CONCENTRATION 
MEMBRANE 
PROFILES FOR TWENTE 
This section shows rejection data for the Twente membrane (Sample 5.4) compared 
with that obtained with Sample 5.1. 
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Figure A5.16- Ethanol rejection plotted against ethanol concentration for ethanolln-
heptane mixtures with Samples 5.1 & 5.4. 
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Figure A5.17 - Ethanol rejection plotted against ethanol concentration for 
ethanoVxylene mixtures with Samples 5.1 & 5.4. 
5.8 ADJUSTING SOLUTE REJECTION FOR ALCOHOL SEPARATION 
Consider a multicomponent mixture consisting of an alcohol, a non-polar solvent and a 
non-polar solute whose concentrations are represented by Cat. Cst and Cil respectively. 
The solute is soluble only in the non-polar solvent elements within the mixture. If 
partial-rejection of alcohol occurs, then the resulting mixture will be enriched both in 
the non-polar solvent and solute. The concentration of alcohol in the resulting mixture, 
Caz. is related to the initial concentration and the rejection, Ra. as given by: 
(A5.1) 
For low concentrations of solute, Csz = 1 - Caz and hence: 
(A5.2) 
The ratio of solute/solvent concentration is assumed to be equal in both cases, therefore: 
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c,2 1-c.,(1-RJ 
en 1-c., (A5.3) 
If Cn represents the permeate concentration of solute in a non-separating solvent 
mixture, then Co. represents the concentration when one of the solvent components is 
subjected to partial rejection. 
5.9 MEASUREMENT OF SOLUTE DIFFUSION COEFFICIENTS IN 
XYLENE/METHANOL MIXTURES 
Diffusion coefficients were measured using the apparatus and technique described in 
Appendix 4.14. The diffusion of 9,10 Diphenylanthracene through the composite 
membrane was evaluated in two liquids; pure xylene and a 50:50 xylene/methanol 
mixture. The solute flux for both cases is shown in Figure A5.18. 
• Xylene/Methanol Mixture 
6 • Pure Xylene 
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0 5 to 15 20 25 30 35 
C2 • C1 (ppm) 
Figure A5.18 - Diffusive flux of 9,10 Diphenylanthracene across a 2 pm PDMS 
composite membrane, plotted against the concentration difference. 
It is shown that the diffusivity of the solute in the xylene/methanol mixture is 
approximately 50% higher than in the pure xylene, this despite the decrease in the 
degree of swelling imparted by the xylene/methanol mixture. No attempt was made to 
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derive the diffusion coefficients through the PDMS layer due to the high transport 
resistance of the PAN substrate, however it is perceived that a lower resistance to mass 
transfer is imparted on both the substrate and the PDMS layer when alcohol is present. 
5.10 DERIVATION OF TRANSPORT MODEL FOR SOLUTION·DIFFUSION 
MECHANISM 
At steady-state, the concentration of alcohol in the permeate, CaP is given by: 
c = J. 
aP J +J 
a S 
According to the SD model, the alcohol flux, la, is given by: 
J D.Ka [c C (-v.M)] 
a = X aF - aP exp RaT 
Equation AS.S can be rearranged to give: 
Alcohol rejection, Ra, is a function of CaF and CaP and hence: 
Solvent flux, Js, is given by: 
(A5.4) 
(AS.S) 
(A5.6) 
(A5.7) 
(A5.8) 
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Rearranging in terms of alcohol concentrations rather than solvent concentrations 
yields: 
(A5.9) 
Equation A5.9 can be written as a function of alcohol rejection rather than the permeate 
concentration of alcohol, so substituting CaF (1- Ra) for CaP yields Equation A5.10: 
fs = DsKs(1-CaF) 
X 
If the exponential terms for the alcohol and solvent are labeled Ea and Es respectively, 
the expressions for solvent and alcohol flux can be substituted into Equation A5.4 to 
give: 
caP (A5.11) 
Dividing by CaF and collecting like-terms in (1 - Ra) gives: 
(A5.12) 
A quadratic equation therefore exists in (1- R.), which can be solved using the 
quadratic formula. 
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5.11 TRANSPORT MODEL FOR HYDRAULIC PERMEATION 
MECHANISM 
5.11.1 Surface separation 
Within the framework of the model, the alcohol is subjected to a fractionation at the 
membrane surface (analogous to a phase-equilibrium) which is denoted as 9, where: 
9= c.t 
c.F 
(A5.13) 
where CaF is the feed alcohol concentration and Cai the alcohol concentration at the 
membrane surface. 
Under a hydraulic regime there will be no further separation when transporting through 
the depth of the membrane, so the only separation is due to that at the surface. It is 
assumed that no other effects are prevalent (e.g. desorptive separation, boundary-layers 
etc.). If !p is constant then the increasing alcohol rejections with increasing pressure 
(Figures 5.2 & 5.3) cannot be rationalised as the model would predict a finite yet 
constant alcohol rejection over the entire pressure range. A surface separation step 
would, however, help to explain the apparent positive intercepts of the rejection-
pressure profiles for the alcohols as the extrapolated rejection when l!t.P = 0 corresponds 
to the phase equilibrium between the feed liquid and membrane surface. 
It is feasible that !pvaries with alcohol concentration to yield a similar phase equilibrium 
behaviour to that observed by Favre et al. [148], which is shown in Section 5.4.3. It is 
also possible that the activities of alcohol and solvent change independently with 
pressure, which in turn changes the value of 9 because phase equilibria is dependent on 
the activity of each species in the feed mixture [149]. Such a phenomenon could 
potentially explain the increasing rejection with pressure, and potentially supports the 
experimental observation of identical alcohol rejections with membranes of different 
crosslinking density (Figures 5.10, A5.10 & A5.12). Despite the potential that this 
approach may offer, a mechanistic approach has not been adopted in this case. 
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5.11.2 Boundary-Layer Effects 
If the permeate-side of the PDMS is a liquid then it is possible to assume that boundary-
layer effects are negligible, because diffusion in liquids is of the order of 10'9 m2/s, 
higher by at least an order of magnitude than the predicted diffusion and hydraulic 
permeation coefficients within the PDMS material. However, the PAN substrate layer is 
present on the permeate-side of the PDMS layer, and studies with the diffusion 
apparatus described in Appendix 4.14 showed that the PAN exhibited a significant 
resistance to diffusive transport. Assuming that the PAN is inert, the activity and 
concentration of each species in the permeate liquid are equal to the concentration and 
activity of each species within the porous substrate. 
It is assumed that the solvent and alcohol in the feed and permeate are in equilibrium 
with the solvent and alcohol within the membrane. Following the same rationale as 
described in Section 5.4.2, the solvent in the permeate re-adsorbs into the PDMS on the 
permeate side in order to establish the equilibrium. This results in a solvent activity 
gradient between the bulk permeate and the membrane surface, and hence an alcohol 
activity gradient from the membrane surface to the bulk permeate. Figure A5.19 shows 
a conceptual representation of the activity gradients for solvent and alcohol according to 
this model. 
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Figure A5.19- Equilibrium activity profiles for solvent and alcohol across the PDMS 
and the PAN substrate with a boundary-layer on the permeate-side of the membrane. 
The hydraulic and diffusive flow components can be treated separately, however a 
resistance-in-series approach must be used in order to describe the diffusion through the 
membrane and the permeate boundary layer. 
If Cn corresponds to the concentration of species i at the feed/membrane interface, C,-z 
the concentration at the membrane/permeate interface and Ci3 the concentration in the 
bulk permeate, then the following equations can be written: 
J. = D,(C11 - C12 ) 
I 
X 
( ) J.x Cn -C,z =-'-
D, 
(A5.14) 
(A5.15) 
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where kt is the mass transfer coefficient for the permeate boundary layer. At steady 
state, the flux through the membrane and the boundary layer is the same. Adding 
Equations A5.14 and A5.15 yields: 
(A5.16) 
The flux of species i is therefore equal to the total concentration gradient across the 
membrane and the boundary layer divided by the sum of the individual resistances to 
mass transfer. The total resistance to mass transfer can be expressed as an overall mass 
transfer coefficient, K;, where: 
(A5.17) 
For this model. the alcohol flux has hydraulic and diffusive components and is given by: 
Likewise, the solvent flux can be written as: 
ls = (1-9('aF)kAP KL( C C ) 
s YsP sP -rsF sF 
X 
(A5.18) 
(A5.19) 
At steady state the alcohol concentration in the permeate is a function of the individual 
component fluxes, so substituting Equations A5.18 & A5.19 into Equation A5.4 gives: 
(A5.20) 
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Collecting like-terms in CaP yields a quadratic equation of the form: 
(A5.21) 
Where: 
Using the x-intercept of the solvent flux/pressure relationship, equations can be 
developed to estimate several of the unknowns. When !li' = lli'o the forward hydraulic 
flux is equal to the total reverse diffusive flux (including the permeate boundary layer): 
(1- f/JC aF )klli'o 
X 
The hydraulic permeability coefficient, k, can therefore be written as: 
k = Kix(r~"C~"- YsFCsF) 
(1 - f/JC aF )/li'o 
(A5.22) 
(A5.23) 
A second expression fork can be obtained by manipulation of Equation A5.19: 
k Jsx+Kix(YsPCSP -YsFCSF) (1 - f/JC aF )fli' (A5.24) 
Combination of Equations A5.23 and A5.24 eliminates k and therefore results in an 
expression for K; , which can be calculated from experimental data. 
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(A5.25) 
With Ki known, k can be calculated from either of Equations A5.23 or A5.24, and 
K; can subsequently be calculated from Equation A5.18. 
When applied to the experimental data, values of K; are negative which clearly has no 
physical significance. 
Solute Rejection 
Expressions for solute rejection cannot be derived in the same manner as for the case 
without boundary layers. This is because the solute transport through the membrane is 
assumed to take place via both viscous and diffusive mechanisms, with a set fraction of 
the total solute flow taking place by diffusion. However, the whole solute fraction must 
I 
flow through the boundary layer, so the two principle resistances to mass-transfer 
cannot be incorporated together by the use of an overall mass transfer coefficient 
because of different driving forces through each stage. For this reason, the boundary-
layer model has not been applied to solute rejection. 
5.12 TRANSPORT MODELS FOR HYDRAULIC AND DIFFUSIVE 
PERMEATION 
Two models are presented in this section, which differ in the way boundary-layer effects 
are considered. The first details a model whereby boundary-layer effects are considered 
negligible, the second considers such effects with an overall mass transfer coefficient. 
5.12.1 No boundary-layer effects 
It is assumed that the solvent permeates through the membrane by a hydraulic action. 
The polarity of the alcohol means that interactions with the membrane occur throughout 
the depth of the material, which results in hindered flow of the alcohol component. It is 
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assumed that the permeation of alcohol therefore takes place entirely due to diffusion. 
Key assumptions of the transport model are as follows: 
• The rates of sorption and desorption, and transport through the boundary layer are 
orders of magnitude higher than the hydraulic and diffusive transport through the 
depth of the membrane. 
• Equilibrium is established, whereby concentration gradients are constant with time. 
Initially, only the solvent is able to permeate through the membrane because the alcohol 
transports via a diffusive mechanism, and hence no driving force exists for diffusive 
transport in the first instance. Figure A5.20 shows concentration and activity profiles 
when permeate is first obtained. 
Concentration Activity 
< ~ 
. 
Alcohol ----- ----
.· 
. . 
f----
tt 1·"----
.·. 
I 
I ., 
Solvent 
----- ----
... 
• •· .• se i ' 
Figure A5.20 - Concentration and activity profiles for initial penneation, before 
equilibrium is reached. 
Initially, a non-equilibrium condition exists as denoted by the dotted lines in Figure 
A5.20. The alcohol activity in the membrane at the permeate interface is higher than in 
the bulk liquid, however the alcohol cannot selectively desorb because the 
hydraulic/diffusive transport are rate-determining steps. The solvent can, however, re-
adsorb into the membrane on the permeate side in order to establish equilibrium, which 
is shown in Figure A5.21. 
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Figure A5.21 - Equilibrium concentration and activity profiles for hydraulic transport 
of solvent and diffusive transport of alcohol 
Qualitatively, the concentration and activity profiles are the same as for the case of 
hydraulic transport of alcohol and solvent, however the magnitude of the activity 
gradient for alcohol transport is much higher in this case. 
Alcohol flux, la, is purely diffusive in nature and is given by: 
(A5.26) 
Solvent flux, ls, is hydraulic in the forward direction with a back-diffusion component 
as given by: 
(A5.27) 
At equilibrium the concentration of alcohol in the permeate can be expressed in terms of 
the individual component fluxes, and hence: 
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(A5.28) 
Collecting like-tenns in CaP yields a quadratic expression of the fonn: 
(A5.29) 
Where: 
Since the activity coefficients are dependent on the alcohol and solvent concentrations, 
an iterative procedure is required in order to solve the quadratic equation. Taking a first 
estimate of YaP = YaF and YsP = YsF, the value of CaP and hence Csp given by Equation 
A5.29 will not correspond to these activity coefficients. Iteration is therefore required 
until satisfactory convergence is obtained. 
Of the four unknown parameters in Equation A5.29, k, Da and Ds can be estimated 
using the boundary condition at the x-intercept of the flux/pressure relationship for the 
solvent. At the x-intercept the forward hydraulic driving force of the solvent is equal to 
the back-diffusive driving force, hence: 
Equation A5.30 can be re-written to make k the subject: 
k = Ds(r~pC~p -rsFCsF) 
(1- 9!GaF )M'o 
(A5.30) 
(A5.31) 
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Substituting Equations A5.27 and A5.31 for k gives the following expression for Ds 
which is independent of other unknown parameters. 
D = lsXMo 
s M(y~PC~P -YsFCsF)-Mo(YspCsP -rsFCsF) (A5.32) 
With Ds known, k can be calculated from Equation A5.31. Da can be calculated from 
Equation A5.26 and is independent of both k and Ds since the alcohol flux is purely 
diffusive. The model requires considerable empirical data, which restrict its usefulness 
as a predictive tool. However, the same model parameters used to estimate the alcohol 
rejection can be used to evaluate the multicomponent solute rejection. 
Solute Rejection 
The solute is non-polar and does not interact with the alcohol in the mixture, and 
transports via convective and diffusive mechanisms consistent with those defined in 
Section 4.5.4 for binary solvent/solute systems. Following the same rationale as 
explained for binary solvent/alcohol systems, the equilibrium concentration and activity 
profiles of the solute are shown conceptually in Figure A5.22. 
Concentration Activity 
Figure A5.22 -Equilibrium concentration and activity profiles for a low-concentration, 
non-interacting solute 
No data are available for the activity coefficients of poly-nuclear aromatic solute 
compounds in solvent/alcohol mixtures, however their chemical nature is very similar to 
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xylene and other, non-substituted aromatic solvents (i.e. those without halogen, N, 0 or 
S groups substituted onto the aromatic ring). In the absence of activity coefficient data it 
is assumed that the solvent/PNA concentration ratio in the feed is equal to that at the 
feed/membrane interface, which also means that /'PNA ;; Ysotvent· The solute flux is 
composed of hydraulic and diffusive components as given by: 
(A5.33) 
At equilibrium, the solute concentration in the permeate can be expressed as: 
(A5.34) 
The solvent and alcohol fluxes are the same as those given by Equations A5.26 & 
A5.27, and can be substituted into Equation A5.34 to yield: 
(A5.35) 
Collecting like terms in CiP gives the final result (Equation A5.36): 
In this case an iterative procedure is not required as 11 ;; n. and Da. Ds, k, CaP. Csp, YaP 
and YsP can be obtained from the application of Equation A5.29 to experimental alcohol 
rejection data. Figures A5.23 & A5.24 show examples of how the model correlates with 
experimental alcohol and solute rejection data. Table A5.2 details the model parameters 
used to produce each correlation. 
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Figure A5.23 - Ethanol rejection plotted against pressure for ethanol/xylene mixtures: 
Experimental data (points) and the HydraulidDiffusive model (lines). 
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Figure A5.24 - Rejection of 9,10 Diphenylanthracene plotted against pressure for 
ethanol/xylene/solute mixtures: Experimental data (points) and the Hydraulic/Diffusive 
model (lines). 
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Ethanol k Da Ds D; Concentration a 
x 10"12 m2/s.bar X 10·10 m2/S x 10-to m2/s x 10·11 m2/s 
0.10 1.87 0.99 2.65 0.7 0.38 2.31 
0.45 1.82 2.90 4.91 0.27 0.38 1.42 
0.65 0.62 6.78 0.50 0.51 0.25 19.80 
Table A5.2 Parameters used for the hydraulic/diffusive model for 
xylene/ethanol/solute mixtures. 
Although the model predicts an increasing ethanol rejection with increasing pressure, 
the model cannot accurately define the shape of the ejection-pressure profiles in Figure 
A5.23. The alcohol diffusion coefficient increases with increasing ethanol 
concentration, the values of which are consistent with the experimental observations of 
Wesselingh and Bollen [150] and Du Plessis et al. [151]. The diffusivity of the solvent 
and the surface separation factor, !P, do not follow the same trend with increasing 
alcohol concentration. Also of note is that the solute diffusion coefficient, D1, does not 
appear to increase with increasing alcohol concentration, as was observed 
experimentally (Appendix 5.9). 
Despite some of the shortcomings of the model, nonetheless it serves as a useful 
interpretive tool for qualitative analysis of the experimental data. 
5.12.2 Boundary Layers 
In this case it is assumed that boundary-layer effects are prevalent in conjunction with 
the mechanism outlined in Appendix 5.12.1. The activity profiles for solvent and 
alcohol are shown in Figure A5.25•. 
'The profiles are identical to those shown in Figure A5.!9 for the hydraulic model. 
5-352 
A endix 5 
Solvent 
Alcohol 
Boundary 
Layer 
Figure A5.25 - Equilibrium activity profiles for solvent and alcohol across the PDMS 
and the PAN substrate with a boundary-layer on the penneate-side of the membrane. 
Solvent flux, ls, is hydraulic in the forward direction, with a diffusive component in the 
opposing direction: 
(A5.37) 
Alcohol transport takes place entirely by diffusion, so the alcohol flux, la, is given by: 
(A5.38) 
At steady-state, the permeate concentration of alcohol, Cap, can be expressed in terms of 
the flux of each component: 
c = '· 
aP J +J 
n S 
(A5.39) 
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Substituting Equations A5.37 & A5.38 into Equation A5.39 yields: 
(A5.40) 
Collecting like-terms in CaP results in a quadratic equation of the form: 
(A5.41) 
Where: 
The parameters K:;, K i and k can be estimated from the boundary conditions to leave 4J 
as a single adjustable parameter. It is assumed that the x-intercepts of the solvent flux-
pressure relationships correspond to the condition where the forward hydraulic flux is 
equal to the opposing diffusive flux: 
(A5.42) 
Substituting into Equation A5.37 eliminates k, giving: 
KL- lsMo 
s- M(r~PC~P -rsFCsF)-Mo(YsPCsp-rsFCsF) (A5.43) 
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As with the case where boundary-layer were neglected (Appendix 5.12.1), a lot of 
empirical data is required which impacts on the predictive capabilities of the model. In 
this case, the model cannot be applied to solute rejection via a resistance-in-series 
approach due to differences in the driving forces for solute transport through each 
transport region. Nonetheless, the model can be applied to experimental alcohol 
rejection data as shown in Figure A5.26, with the model parameters presented in Table 
A5.3. 
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Figure A5.26- Ethanol rejection plotted against pressure for xylene/ethanol mixtures: 
Experimental data (points) and the hydraulic/diffusive model with boundary-layer 
effects (lines). 
Ethanol k KL KL ljJ Concentration a s 
x 10"12 m2/s.bar X 10-S m's X 10"5 m's 
0.10 1.97 4.95 13.26 0.4 
0.45 1.96 14.49 24.56 0.2 
0.65 0.41 33.92 2.51 0.1 
Table A5.3 - Parameters used in the hydraulic/diffusive model with boundary-layer 
effects. 
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The rejection-pressure profiles shown in Figure A5.26 cannot be accurately described 
by the model, although it does rationalise the increasing rejection with increasing 
pressure. Peeva et al. [152] reported mass-transfer coefficients of the order of 10·5 m/s 
for relatively large solutes in toluene and a STARMEM 122 membrane. The values 
shown in Table A5.3 are slightly higher, which may be due to the membrane 
characteristics or the size of the ethanol and xylene molecules relative to their solute 
compounds. 
5.13 NOMENCLATURE 
a 
c 
D m2/s 
E; 
J m3/m2.s 
k m2/s.bar 
e m/s 
' 
K 
KL m/s 
' 
M bar 
Mo bar 
R 
Ra bar.m3/mol.K 
T K 
X m 
Greek Letters 
r 
t5 
V 
Fraction of convective flow of solute 
Concentration 
Diffusion coefficient 
exp ' (-vM) 
RGT 
Flux 
Hydraulic permeance 
Mass-transfer coefficient for boundary layer 
Partition coefficient (SD model) 
Overall mass-transfer coefficient 
Trans-membrane pressure 
Pressure at x-intercept 
Rejection 
Universal gas constant 
Temperature 
Membrane thickness 
Activity coefficient 
Solubility parameter 
Molar volume 
Surface separation factor 
5-356 
A endix 5 
Subscripts 
I Membrane surface 
a Alcohol 
F Feed 
i Solute or Species i 
P Permeate 
S Solvent 
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APPENDIX 6- SUPPORTING INFORMATION RELATING TO 
CHAPTER6 
6.1 GC analysis and physical properties of gasoline fuel 
6.2 Absorbance-concentration relationship for gasoline 
6.3 Adjusted fuel clean-up 
6.4 Properties of fuel components 
6.5 Clean-up characteristics of fuel components 
6.1 CG ANALYSIS AND PHYSICAL PROPERTIES OF GASOLINE FUEL 
The gasoline blend used to produce the results shown in Chapter 6 was characterised by 
Gas-Chromatography in order to determine the specific composition. The tests were 
performed at Shell Global Solutions, Chester in accordance with standard test method 
L/FTP/26. A summary of the GC results are shown in Tables A6.1 and A6.2. 
COMPONENT TYPE WEIGHT% VOLUME% 
Paraffins 8.09 10.18 
I soparaffins 23.42 26.94 
0 lefins (including dienes) 6.60 7.51 
D ienes 0.01 0.02 
N aphthenes 3.65 3.73 
Aromatics 57.30 50.73 
0 xygenates 0.15 0.16 
Unknowns 0.79 0.77 
Table A6.1- Summary of generic components in the gasoline fuel used in Chapter 6. 
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C Number/He type %volume C Number/HC type %volume 
3 n-Paraffins 0.17 8 n-Paraffins 0.70 
3 n-Oiefins 0.01 8 i-Paraffins 9.75 
3 Unknowns 0.00 8 n-Oiefins 0.38 
Total C3 0.18 8 i-Oiefins 0.15 
8 Dienes 0.00 
4 n-Paraffins 6.00 8 Naphthenes 0.66 
4 i-Paraffins 1.00 8 Cyclic Olefins 0.00 
4 n-Oiefins 0.24 8 Aromatics 17.00 
4 i-Oiefins 0.12 8 Unknowns 0.33 
4 Dienes 0.00 Total CS 28.97 
4 Unknowns 0.00 
Total C4 7.36 9 n-Paraffins 0.07 
9 i-Paraffins 1.49 
5 n-Paraffins 1.11 9 n-Oiefins 0.00 
5 i-Paraffins 5.03 9 i-Oiefins 0.00 
5 n-Oiefins 1.17 9 Dienes 0.00 
5 i-Oiefins 1.29 9 Naphthenes 0.14 
5 Dienes 0.02 9 Cyclic Olefins 0.00 
5 Naphthenes 0.36 9 Aromatics 12.49 
5 Cyclic Olefins 0.13 9 Unknowns 0.12 
5 Unknowns 0.00 TotaiC9 14.32 
Total CS 9.12 
1 o n-Paraffins 0.03 
6 n~Paraffins 0.64 1 0 i-Paraffins 0.11 
6 i-Paraffins 4.44 1 o n-Oiefins 0.00 
6 n-Oiefins 0.70 10 i-Oielins 0.00 
6 i-Oiefins 1.47 10 Dienes 0.00 
6 Dienes 0.00 10 Naphthenes 0.00 
6 Naphthenes 1.39 10 Cyclic Olefins 0.00 
6 Cyclic Olefins 0.04 10 Aromatics 5.25 
6 Aromatics 1.42 10 Unknowns 0.06 
6 Unknowns 0.00 Total C10 5.44 
Total C6 10.09 
11 n-Paraffins 0.00 
7 n-Paraffins 1.36 11 i-Paraffins 0.48 
7 i-Paraffins 4.64 11 n-Oiefins 0.00 
7 n-Oiefins 0.63 11 i-Oiefins 0.00 
7 i-Oiefins 1.17 11 Dienes 0.00 
7 Dienes 0.00 11 Naphthenes 0.00 
7 Naphthenes 1.17 11 Cyclic Olefins 0.00 
7 Cyclic Olefins 0.00 11 Aromatics 0.47 
7 Aromatics 13.86 11 Unknowns 0.22 
7 Unknowns 0.00 Total C11 1.16 
Total C7 22.62 
Total C12+ 0.38 
Table A6.2- Composition of gasoline fuel used in Chapter 6. 
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Other physical properties are shown in Table A6.3, with data supplied by [153]. 
Density (p) 771 kg/m3 
Viscosity (jJ) 0.00052 Pa.s 
Molecular formula c,_toH11.69 
Vapour enthalpy of formation (Mlf) -58.12 kJ/mol 
Table A6.3- Physical properties of gasoline fuel used in Chapter 6. 
6.2 ABSORBANCE-CONCENTRATION PROFILES FOR GASOLINE 
Since the nature and concentration of the impurities within gasoline are unknown, 
absorbance-concentration relationships cannot be determined by adding known 
quantities of solute as was the case for the model solvent/solute systems. Instead, the 
gasoline was diluted with xylene in incremental amounts in order to reduce the 
concentration of impurities within the fuel. Since xylene does not absorb relative to the 
reference sample (which is also xylene}, the absorbance of the fueVxylene mixture can 
be predicted based on the xylene fraction if the absorbance-concentration profile is 
linear. Figure A6.1 shows the predicted absorbance along with that which was 
determined experimentally for a range of xylene/gasoline mixtures. 
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Figure A6.1- Absorbance at 440 nm plotted against xylene fraction for xylene/gasoline 
mixtures: Experimental data (points) and predicted absorbance from dilution (line). 
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The experimental data is in good agreement with the predicted absorbance from 
dilution, hence it is apparent that the impurities within the gasoline fuel behave in a 
similar manner to the model solvent/solute systems in that their absorbance-
concentration profiles are linear. 
6.3 ADJUSTED CLEAN-UP FOR ALCOHOL REJECTION 
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Figure A6.2- Adjusted Fuel clean-up plotted against pressure for ethanol/gasoline and 
methanol/gasoline mixtures. 
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6.4 PROPERTIES OF FUEL COMPONENTS 
COMPONENT TYPE WEIGHT% VOLUME% 
Paraffins 1.81 2.33 
I soparaffins 0.62 0.78 
0 1efins (including dienes) 8.65 9.33 
D ienes 0.88 0.97 
N aphthenes 8.61 8.69 
Aromatics 79.75 78.31 
0 xygenates 0.00 0.00 
Unknowns 0.56 0.56 
Table A6.4- Summary of generic components in the Platformate fuel. 
COMPONENT TYPE WEIGHT% VOLUME% 
Paraffins 26.39 29.54 
I soparaffins 11.56 12.49 
0 Jefins (including dienes) 58.36 54.86 
D ienes 6.34 6.27 
N aphthenes 0.59 0.54 
Aromatics 1.84 1.69 
0 xygenates 0.02 0.02 
Unknowns 1.24 1.26 
Table A6.5- Summary of generic components in the Heavy Cat-Cracked (HCC) fuel. 
COMPONENT TYPE WEIGHT% VOLUME% 
Paraffins 53.02 53.16 
I soparaffins 39.44 39.60 
0 lefins (including dienes) 2.41 2.27 
D ienes 0.03 0.02 
N aphthenes 0.02 0.02 
Aromatics 4.82 4.69 
0 xygenates 0.00 0.00 
Unknowns 0.29 0.26 
Table A6.6- Summary of generic components in the Alkylate fuel. 
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6.4 CLEAN-UP CHARACTERISTICS OF COMPONENTS FOR FUEL 
BLENDS 
The clean-up of Platformate, Alkylate and Heavy Cat-Cracked (HCC) fuel components 
were evaluated at a pressure of 5 bar with a GKSS 2 !liD PDMS membrane (Sample 
6.2). Figure A6.3 shows the clean-up at various wavelengths, with the results from a 
gasoline fuel shown for comparison. 
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Figure A6.3 - Clean-up at 5 bar measured at different wavelengths for three fuel 
components and a complete fuel blend. 
Although the clean-up obtained with the Alkylate is relatively high, the feed sample 
exhibited a very low absorbance at all wavelengths. 
153 Shell Global Solutions, Technical Datasheet. March 2002. 
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